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14.  ABSTRACT 

The  overall  goal  of  this  project  is  to  explore  a  new,  chip-based  magnetic  sensor  that  will  allow  for  fast  and  sensitive 
molecular  analyses  of  tumor  cells.  To  achieve  this  goal,  we  focused  on  i)  implementing  a  miniaturized  Hall  (pHall)  sensor 
system  and  ii)  synthesizing  magnetic  nanoparticles  for  cell  labeling.  Sensor  system.  The  pHall  sensor  has  a  hybrid 
structure,  consisting  of  an  Hall  integrated-circuit  (1C)  chip  with  a  microfluidics  on  top.  The  1C  chip  contains  an  array  of 
micrometer-scale  Hall  elements  for  magnetic  detection.  To  facilitate  the  system  control,  we  also  integrated  control 
electronics  in  the  same  chip.  By  fabricating  such  ICs  through  a  semiconductor  foundry,  we  could  produce  a  large  number 
of  chips  (-120  ICs)  with  tight  quality  control.  Magnetic  nanoparticles  (MNPs).  We  have  synthesized  a  panel  of  MNPs 
with  varying  diameters  (10,  12,  16  nm);  each  particle  type  displayed  a  unique  magnetic  property,  which  will  be  exploited 
for  multiplexed  detection.  To  make  particles  water-soluble  and  amenable  for  cell  targeting,  we  further  coated  them  with 
biocompatible  polymers.  We  now  plan  to  apply  the  developed  platforms  to  detect  ovarian  cancer  cells  spiked  in  the  whole 
blood. 
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1.  INTRODUCTION 

The  overall  objective  of  this  pilot  project  is  to  to  develop  a  new  magnetic  platform,  named  /'HD  (imaging  Hall 
Detector),  that  will  enable  fast  and  multiplexed  molecular  analyses  of  circulating  tumor  cells  (CTCs).  The  /HD 
sensing  is  based  on  Hall  magnetometry:  target  biological  cells  are  labeled  with  molecular-specific  magnetic 
nanoparticles  (MNPs),  and  the  resulting  magnetic  field  from  each  cell  is  detected  by  micrometer-scale  Hall 
(pHall)  elements.  The  sensor  can  achieve  a  high  signal  contrast  against  extremely  low  magnetic  background 
biological  samples.  Measurements  can  thus  be  made  without  purification  steps,  minimizing  cell  loss  and 
potential  degradation  of  biomarkers.  In  this  project,  we  specifically  focus  on  the  following  activities.  In  Aim  1. 
we  will  implement  an  array  of  pHall  sensors  in  an  1C  (integrated  circuit)  chip  to  improve  the  assay  throughput. 
In  Aim  2,  we  will  synthesize  a  panel  of  MNPs  with  distinct  magnetic  properties,  and  use  each  type  of  MNPs  to 
target  a  different  molecular  marker  on  cells. 

2.  KEYWORDS 

Ovarian  cancer,  Magnetic  sensor,  Magnetic  nanoparticles,  Microfluidics,  Hall  sensor 


3.  ACCOMPLISHMENTS. 


What  were  the  major  goals  of  the  project? 

The  major  goals  of  this  project  are  the  followings: 


Goal  1 :  Implement  a  new  microHall  1C  for  magnetic  detection  (100%  completion) 


Goal  2:  Build  a  data  acquisition  system  (100% 
completion) 

Goal  3:  Synthesize  magnetic  nanoparticles  and 
prepare  them  for  cell  labeling  (100%  completion) 

Goal  4:  Validate  the  Hall  system  for  cell  detection. 

What  was  accomplished  under  these  goals? 

We  have  accomplished  all  of  our  goals.  Importantly, 
we  have  developed  a  new  pHall  sensor  for  single  cell 
analysis  and  established  an  optimal  protocol  for  cell 
labeling. 

MicroHall  (pHall)  1C  chip  (Goal  1).  We  have  recently 
implemented  a  new  pHall  1C  chip  for  single  cell 
detection  (Fig.  1).  We  designed  a  sensor  1C  and  used 
a  semiconductor  foundry  (Electronics  and 
Telecommunications  Research  Institute,  Korea)  for 
the  chip  fabrication.  This  strategy  significantly 
improved  the  performance  and  the  reliability  of  the 
system.  1 )  A  large  number  of  sensor  chips  could  be 
produced  with  negligible  chip-to-chip  variations 
(tolerance  <  5%).  More  than  100  ICs  were  fabricated 
in  the  first  batch;  further  production  can  be  complete 
in  <  2-month  turnaround  time.  2)  The  new  chip  has  a 
denser  array  (4  x  5)  of  Hall  elements  than  our  home¬ 
made  prototype,  which  can  improve  the  overall 
detection  throughout  (Fig.  la).  3)  Key  electronic 
components  (e.g.,  switches,  amplifiers)  were 
integrated  in  the  same  chip  (Fig.  1b)  to  facilitate  the 
array  control  as  well  as  to  improve  the  signal-to-noise 
ratio.  We  characterized  the  electrical  properties  of  the 
sensor  and  designed  ancillary  electronics  for  data 
acquisition.  The  chip  was  also  packaged  with  a  two- 
stage  flow-focusing  microfluidics  (Fig.  1c). 


Fig.  1 :  2nd  generation  pHall  system,  (a)  A  new  version 
of  integrated  pHall  chips  were  manufactured  in  a 
semiconductor  foundry.  The  chip  has  20  pHall  elements 
arranged  into  a  4  x  5  array,  (b)  Other  circuit  components 
(e.g.,  switches,  amplifiers)  are  integrated  in  the  same 
chip,  (c)  The  new  chip  was  packaged  with  a  microfluidic 
channel,  (d)  Data-acquisition  module  realized  on  a  field- 
programmable  gate  array  (FPGA)  chip. 


System-level  implementation  (Goal  2).  We  have 
constructed  a  custom-designed  DAQ  (data  acquisition) 
module  to  interface  with  the  developed  1C  chip  (Fig.  Id). 
We  used  a  field-programmable  gate  array  (FPGA)  chip 
(Spartan-6,  Xilinx)  as  the  core  unit,  and  programmed 
functional  blocks.  Specifically,  the  FPGA  generates  clock 
and  control  signals  to  sequentially  access  every  pPlall 
element  in  the  chip;  processes  the  output  signals  from 
the  chip;  and  communicates  with  external  terminals 
(computers,  smartphones)  via  a  USB2  (universal  serial 
bus2)  connection.  We  are  currently  implementing 
graphical,  user-friendly  software  to  streamline  the 
system  operation. 

Different  type  of  magnetic  nanoparticles  (Goal  3). 

We  have  optimized  the  synthetic  route  to  produce 
various  ferrite  MNPs.  In  brief,  we  first  synthesized  8-nm 
core  particles  through  thermal  decomposition.  We  then 
applied  the  seed-mediated  growth  method  to  increase 
the  magnetic  core  diameter  from  8  nm  to  10,  12,  or  16 
nm  (Fig.  2a).  All  ferrite  MNPs  had  crystalline  ferrite 
structure  (Fig.  2b),  and  were  superparamagnetic  at 
room  temperature.  Importantly,  each  type  of  particles 
showed  a  distinct  magnetic  signature  (Fig.  2c),  which 
was  exploited  for  magnetic  multiplexing  (see  below). 

Universal  coating  strategy  for  MNPs  (Goal  3).  We 

also  developed  a  new  method  for  MNP-coating  and 
bioconjugation  (Fig.  3a).  We  used  dopamine  (DOPA)  as 
the  affinity  ligand,  because  DOPA  can  readily  attach  to 
metal  surface  through  adsorption.  This  process, 
however,  is  reversible;  DOPA  can  be  dissociated  from 
NPs  under  physiological  conditions.  To  improve  coating 
stability,  we  thus  synthesized  PEG  polymers  containing 
multiple  DOPAs.  Specifically,  we  grafted  DOPA  and  PEG 
on  a  polymer  backbone,  poly(isobutylene-alt-maleic 
anhydride)  (PIMA),  creating  DOPA-PIMA-PEG.  This 
method  did  not  need  additional  crosslinkers,  and 
facilitated  creation  of  DOPA-PIMA-PEG  with  different 
PEG  length  and  various  functional  groups  for  specific 
bioconjugation  (e.g.,  EDC  coupling,  bioorthogonal  click 
reaction).  We  used  DOPA-PIMA-PEG  to  replace 
hydrophobic  capping  agents  (e.g.,  oleic  acid, 
oleylamine)  on  the  MNP  surface.  The  polymer-coated 
MNPs  were  well  dispersed  in  aqueous  media  with  no 
aggregation  (Fig.  3b).  We  further  tested  the  colloidal 
stability  of  polymer-coated  MNPs  by  subjecting  them  to 
heat  stress  or  high  salt  concentrations.  The  particles 
maintained  colloidal  stability  against  such  challenges. 

No  significant  changes  in  particle  distribution  were 
observed  after  continuous  heating  at  90  °C  for  2  h  or 
emersion  in  3  M  of  NaCI.  We  also  monitored  the  long¬ 
term  stability  of  particles;  no  aggregation  was  observed 
up  to  four  weeks  in  PBS  buffer  (Fig.  3c). 

Molecular  detection  of  ovarian  cancer  cells.  Using 
the  developed  pPlall  system,  we  profiled  individual 


Fig.  2:  Different  types  of  magnetic  nanoparticles 
(MNPs).  (a)  MnFe2C>4  of  different  sizes  were  synthesized 
through  seed-mediated  growth,  (b)  X-ray  powder 
diffractograms.  All  MnFe2C>4  MNPs  exhibited  a  similar 
pattern,  confirming  their  ferrite  structure,  (c)  The 
particles  were  superparamagnetic  at  300  K.  Importantly, 
the  magnetization  increased  with  particle  size, 
generating  a  distinct  magnetic  signature. 


Fig.  3:  Generalized  coating  strategy,  (a)  Multiple 
dopamine  containing  PEG  polymers  are  used  to 
increase  the  binding  affinity  between  the  polymer  and 
the  MNPs.  (b)  MNPs  were  transferred  to  aqueous  phase 
through  the  polymer  (PEG  length  5k)  coating.  The 
particles  were  well-dispersed  without  aggregation,  (c)  No 
significant  changes  in  particle  size  were  observed  during 
long-term  storage  in  PBS,  which  confirmed  high  stability 
of  the  polymer  coating. 
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ovarian  cancer  cells  for  protein 
expression.  We  labeled 
cancer  cells  with  MNPs;  each 
cell  thereby  acquired  a 
magnetic  moment  proportional 
to  the  expression  level  of  a 
targeted  biomarker.  The  pHall 
sensor  was  operated  in  the  AC 
(alternating  current)  mode 
(Fig.  4a),  measuring  magnetic 
susceptibility  of  individual 
cells.  We  then  integrated  the 
measured  data  to  obtain 
magnetic  moments  cells  (Fig. 

4b).  This  approach  allowed  us 
to  achieve  high  signal-to-noise  ratio,  accurately  measuring  MNP  counts  per  cell.  The  pHall  profiling  data 
correlated  well  with  those  from  flow  cytometry,  which  validated  the  pHall’s  analytical  capability  (Fig.  4c).  Note 
that  the  interference  from  biological  media  was  negligible  in  the  pHall  detection,  making  it  possible  to  perform 
the  pHall  assay  in  native  specimens. 


Hexll  kA/m] 

Fig.  4:  Cancer  cell  detection  with  |iHall  chipT.  (a)  A  panel  of  ovarian  cancer  cell 
lines  were  screened  for  protein  expression  by  flow  cytometry  and  pHall.  The  profiling 
results  showed  a  good  match  (R2  =  96%).  (b)  MNP-labeled  tumor  cells  spiked  in  PBS 
or  human  whole  blood  were  detected  by  the  pHall  sensor.  The  detection  was 
insensitive  to  the  biological  media. 


What  opportunities  for  training  and  professional  development  has  the  project  provided? 

Training  activities. 

Practical  skill  sets  for  circuit  design  and  microfabrication.  With  the  guidance  of  the  PI  and  other  research 
fellows,  the  graduate  student  (Mr.  Changwook  Min,  MIT)  involved  in  this  project  has  advanced  his  skills  on  1C 
design,  microfluidics,  and  data  acquisition.  Mr.  Min  has  conducted  this  project  independently.  Dr.  Huilin  Shao 
(Teal  Scholar)  was  actively  involved  in  the  chip  design  as  well  as  the  operation  of  microfluidic  systems. 

Nanoparticle  development  for  cellular  assay.  Dr.  Shao  and  Mr.  Min  were  trained  for  the  synthesis  of 
magnetic  nanoparticles,  surface  modification,  and  bioconjugation.  This  learning  was  expedited  through 
dedicated  one-to-one  work  with  expert  research  fellows  (Drs.  Yongil  Park  and  Kisoo  Park). 

Mentorship.  Drs.  Lee  and  Castro  provided  one-on-one  mentorship  to  Mr.  Min  and  Dr.  Shao  for  research.  Dr. 
Min  was  awarded  the  prestigious  “Lotte  Scholarship”  scholarship  from  Korea.  Dr.  Shao,  the  Teal  Scholar 
supported  by  this  Pilot  Award,  has  since  been  selected  as  a  prestigious  Junior  Fellow  at  Institute  of  Molecular 
and  Cell  Biology,  ASTAR,  Singapore,  and  recentlypromoted  to  Assistant  Professor  at  National  University  of 
Singapore  (Bioengineering). 

Intern  training.  Co-PI  (Dr.  Castro)  provided  daily  mentorship  to  summer  interns  (Christina  Le,  Kerwin  Cruz  De 
La  Rosa)  who  were  selected  from  a  national  pool  of  underrepresented  undergraduate  students.  These 
students  were  trained  for  essential  experiment  techniques,  including  bioconjugation  of  MNPs,  cell  labeling,  and 
bioassays.  We  have  also  recruited  local  undergraduate  students  (Craig  Pille  and  Lucas  Rohrer,  Northeastern 
University)  for  intensive  6-month  internship  programs.  These  students  were  trained  to  independently  perform 
the  device  fabrication,  system  setup,  and  low-noise  electrical  measurements. 


Professional  development. 

Course  work.  The  concepts  developed  in  this  project  (e.g.,  Hall  sensor,  1C  designs,  hybrid  system)  has  been 
incorporated  into  the  intramural 
coursework  of  CSB10-  Engineering 
Biosensors  taught  by  the  PI,  that 
explores  key  topics  in  biosensing. 

Conferences  and  workshops.  Both 
Pis  and  trainees  (Dr.  Shao,  Mr.  Min) 
participated  numerous  workshops  and 
extramural  meetings  as  summarized  in 

Section  6. 

How  were  the  results  disseminated 
to  communities  of  interest?  (Fig.  5) 


Fig.  5:  Community  outreaches.  (a)  Magnetic  sensors  were  exhibited  at 
the  Science  Museum,  London  UK.  (b)  Dr.  Lee  (PI)  gave  an  invited  talk  at 
the  World  Medical  Innovation  Forum,  (c)  Dr.  Castor  (Co-PI)  presented  at 
ESPN  Studios  (Bristol,  CT). 
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Our  magnetic  detection  platform  was  showcased  (June  2015)  at  the  Science  Museum,  London  (UK),  as  a  part 
of  the  new  exhibit,  “Ground-breaking  new  developments  in  health  diagnostics,  from  home-testing  kits  to  faster 
diagnosis  times”.  PI  (Dr.  Lee)  presented  the  work  at  the  2016  World  Medical  Innovation  Forum  which  focused 
on  state-of-the-art  and  emerging  approaches  to  diagnosing,  treating  and  managing  cancer.  The  audience 
included  CEOs  and  top  executives  of  dozens  of  global  medical  companies  (e.g.,  Novartis,  Merrimack 
Pharmaceuticals),  investors,  media  leaders,  and  internationally  recognized  cancer  researchers.  Co-PI  (Dr. 
Castro)  presented  research  advances  in  nanosensors  to  ESPN  staff  members  interested  in  progress  on  cancer 
diagnostics. 

What  do  you  plan  to  do  during  the  next  reporting  period  to  accomplish  the  goals? 

Nothing  to  report. 

4.  IMPACT 

What  was  the  impact  on  the  development  of  the  principal  discipline(s)  of  the  project? 

The  developed  system  introduces  a  new  concept  in  biosensor  design  by  combining  the  advantages  of 
semiconductors  and  microfluidics.  In  the  hybrid  system,  the  1C  chip  is  not  just  a  backend  device  for  signal 
processing.  Rather,  the  chip  takes  an  active  and  essential  role  as  a  sensor  inside  the  microfluidic  network.  The 
hybrid  system  has  the  following  advantages.  •  Increased  spatial  and  temporal  resolution.  Fabricated  by  the 
cutting-edge  semiconductor  technology,  the  sensors  have  small  footprints  to  increase  the  spatial  resolution. 

The  1C  chips  can  also  be  designed  to  operate  in  GFIz  ranges  for  high  speed  measurement.  By  incorporating 
standard  on-chip  ADCs  and  memories,  the  data  sampling  rate  can  be  increased,  further  enhancing  the 
temporal  resolution  of  the  measurement.  •  Parallel  and  automated  measurement.  With  sensors  laid  out  in  an 
array  format,  hybrid  systems  will  allow  for  high  throughput,  parallel  detection.  Furthermore,  multiplexer  circuitry 
can  be  integrated  into  the  same  chip  to  control  large  arrays  with  a  small  number  of  external  inputs.  The 
measurement  sequences  can  be  easily  automated  through  the  programmed  control  of  ICs,  which  minimizes 
the  need  for  labor-intensive,  potentially  error-prone  manual  procedures.  •  Robustness  and  user-friendly 
interface.  One  of  the  significant  merits  of  the  hybrid  system  is  its  durability  and  reproducibility.  The  1C  chips 
are  manufactured  in  a  commercial  foundry  with  sophisticated  process  control.  The  chip-to-chip  variation  is 
maintained  minimal,  which  ensures  the  consistency  in  the  chip  performance.  In  addition,  empowered  by 
integrated  control  circuits,  hybrid  ICs  can  present  simple  interfaces  for  external  inputs;  users  can  enjoy  the 
same  level  of  the  user-friendly  interfaces  which  are  now  standard  in  consumer  electronics. 

What  was  the  impact  on  other  disciplines? 

Additional  major  outcome  of  this  research  is  the  development  of  new  coating/bioconjugation  strategies  that 
could  be  applied  to  different  types  of  nanoparticles  (NPs).  A  key  requisite  for  rendering  NPs  useful  for 
biosensing  is  to  stabilize  particles’  surface  with  biocompatible  and  non-reactive  coating  materials.  The  surface 
coating  should  allow  NPs  to  stay  in  solution,  react  with  hydrophilic  components,  and  provide  functional  groups 
to  attach  affinity  ligands.  Without  such  stabilizing  coatings,  proteins  often  absorb  non-specifically  to  the 
surface,  leading  to  diagnostic  interference,  high  noise  levels,  or  low  reactivity.  Surface  modifications  can  be 
particularly  challenging  for  inorganic  NPs  synthesized  via  non-hydrolytic  thermal  decomposition  in  hydrophobic 
conditions.  During  the  course  of  this  research,  we  have  advanced  a  generalizable  coating  protocol  to  convert 
hydrophobic  NPs  into  hydrophilic  ones  that  can  be  further  modified  for  molecular  sensing.  This  method  uses 
dopamine,  which  can  bind  to  NP  surface  with  high  affinity,  as  an  anchoring  group  to  form  stable  polymer 
coated  NPs.  We  tested  the  method  using  two  representative  particles,  MNPs  and  lanthanide  NPs.  We 
prepared  dopamine-based  polyethylene  glycol  (PEG)  polymer  and  coated  hydrophobic  NPs  with  polymer 
through  ligand  exchange.  The  polymer  coated  NPs  displayed  excellent  colloidal  stability  at  high  temperatures 
and  under  a  wide  range  of  physiological  buffer  conditions.  Furthermore,  the  conjugates  provided  facile 
chemical  functionalities  to  graft  various  affinity  ligands.  We  used  prepared  MNPs  as  sensing  agents  for  Flail 
sensing;  we  expect  that  this  coating  method  could  be  applied  to  many  different  NP  types  for  biosensing. 

What  was  the  impact  on  technology  transfer? 

Nothing  to  report. 

What  was  the  impact  on  society  beyond  science  and  technology? 

Nothing  to  report. 


5.  CHANGES/PROBLEMS 

Nothing  to  report. 

6.  PRODUCTS 

•  Publications,  conference  papers,  and  presentations 

Journal  publications. 

1 .  Lee  K,  Shao  H,  Weissleder  R,  Lee  H  (201 5)  Acoustic  purification  of  extracellular  microvesicles.  ACS  Nano 
9:2321-2327.  PMC4373978,  PMID:25672598,  Acknowledgement  of  federal  support  (yes). 

•  This  report  is  indirectly  related  to  the  current  project.  The  fluidic  system  (hardware)  developed  in  this  work 
has  been  translated  to  the  current  project. 

2.  Im  H*,  Castro  CM*,  Shao  H,  Liong  M,  Song  J,  Pathania  D,  Fexon  L,  Min  C,  Avila-Wallace  M,  Zurkiya  O, 

Rho  J,  Magaoay  B,  Tambouret  RH,  Pivovarov  M,  Weissleder  R*,  Lee  H*  (2015)  Digital  diffraction  analysis 
enables  low-cost  molecular  diagnostics  on  a  smartphone.  Proc  Natl  Acad  Sci  USA  112:5613-5618. 
PMC4426451 ,  PMID:25870273,  Acknowledgement  of  federal  support  (yes). 

•  This  report  is  indirectly  relevant  to  the  current  project.  We  profiled  patient  samples  suspicious  of  cervical 
and  ovarian  cancer. 

3.  Chen  S,  Sanjana  NE,  Zheng  K,  Shalem  O,  Lee  K,  Shi  X,  Scott  DA,  Song  J,  Pan  J,  Weissleder  R,  Lee  H, 
Zhang  F,  Sharp  PA  (2015)  Genome-wide  CRISPR  screen  in  a  mouse  model  of  tumor  growth  and 
metastasis.  Cell  160:1246-1260.  PMC4380877,  PMID:25748654.  Acknowledgement  of  federal  support 
(yes). 

•  This  work  is  highly  relevant  to  the  current  project.  In  this  report,  we  showed  that  circulating  tumor  cells 
are  more  close  to  cancer  metastasis.  We  also  determined  the  mean  size  of  CTCs  (~15  pm),  which 
informed  the  design  of  our  fluidic  systems  in  the  current  project. 

4.  Im  FI,  Shao  FI,  Weissleder  R,  Castro  CM*,  Lee  FI*  (2015)  Nano-plasmonic  exosome  diagnostics.  Expert 
Rev  Mol  Diagn  15:725-733.  PMID:25936957,  Acknowledgement  of  federal  support  (yes). 

•  This  paper  summarizes  our  results  on  the  protein  profiling  on  a  panel  of  ovarian  cancer  cell  lines  (Fig.  8 
in  the  paper).  It  validates  our  choice  of  EpCAM  and  CD24  for  ovarian  cancer  detection. 

5.  Park  Yl,  Im  FI,  Weissleder  R,  Lee  FI  (2015)  Nanostar  clustering  improves  the  sensitivity  of  plasmonic 
assays.  Bioconjug  Chem  26:1470-1474.  PMID:261 02604,  Acknowledgement  of  federal  support  (yes). 

•  The  bioconjugation  strategy  reported  in  this  paper  was  developed  for  magnetic  nanoparticles  in  the 
current  project. 

6.  Lee  H,  Shin  TFH,  Cheon  J,  Weissleder  R  (2015)  Recent  developments  in  magnetic  diagnostic  systems. 
Chem  Rev  1 1 5:1 0690-1 0724.  PMID:26258867,  Acknowledgement  of  federal  support  (yes). 

•  This  work  is  a  comprehensive  review  on  magnetic  sensors,  including  the  proposed  Hall  sensor. 

7.  Park  Yl,  Kim  E,  Huang  CH,  Park  KS,  Castro  CM,  Lee  H*,  Weissleder  R*  (2016)  A  facile  coating  strategy  to 
functionalize  inorganic  nanoparticles  for  biosensing.  Bioconjug  Chem  PMID:27792877,  Acknowledgement 
of  federal  support  (yes). 

•  This  work  describes  the  surface  coating  we  developed  for  magnetic  nanoparticles. 

8.  Jeong  S,  Park  J,  Pathania  D,  Castro  CM,  Weissleder  R,  Lee  H  (2016)  Integrated  Magneto-Electrochemical 
Sensor  for  Exosome  Analysis.  ACS  Nano  10:1 802-1809.  PMC4802494,  PMID:2680821 6, 
Acknowledgement  of  federal  support  (yes) 

•  In  this  work,  we  have  identified  surface  protein  markers  for  ovarian  cancer  detection. 

9.  Min  C,  Park  KS,  Weissleder  R,  Castro  CM*,  Lee  H*  (2016),  Integrated  microHall  sensor  array  for 
nanoparticle  detection.  Manuscript  in  preparation,  Acknowledgement  of  federal  support  (yes) 
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.  This  manuscript  reports  the  major  outcomes,  namely  the  new  Hall  sensor  and  the  magnetic  detection 
from  the  current  project. 

Presentations 

(All  of  the  following  presentations  acknowledged  the  federal  support.) 

Integrated  micro-Hall  detector  for  point-of-care  molecular  diagnostics/  Seminar 

Huilin  Shao,  Changwook  Min,  Cesar  M.  Castro,  Ralph  Weissleder,  Hakho  Lee, 

Wilmington,  MA;  15-Oct-2014  (Local) 

This  presentation  will  review  magnetic  sensing  technologies,  specifically  focusing  on  a  miniaturized  Hall  (pHall) 
cytometer.  The  pHall  system  was  developed  for  high-throughput  detection  and  profiling  of  individual  cells  in 
native  biological  samples.  The  system  is  a  hybrid  microfluidic  /  semiconductor  chip,  consisting  of  an  array  of 
microfabricated  Hall  sensors  and  a  microfluidic  channel  built  on  top.  For  detection  by  pHall  sensors,  biological 
cells  are  labeled  with  molecular-specific  magnetic  nanoparticles  (MNPs);  individual  cells  thereby  assume 
magnetic  moments  proportional  to  the  expression  levels  of  target  biomarkers.  Subsequent  pHall  detection  not 
only  counts  the  number  of  targeted  cells  but  also  provides  their  molecular  signature.  Furthermore,  with  their 
capacity  for  highly  localized  magnetic  detection,  pHall  sensors  can  perform  measurements  on  native  biological 
samples  (e.g.,  whole  blood)  and  without  the  need  to  remove  excess  MNPs.  The  entire  cytometry  thus  can  be 
carried  out  in  a  self-contained,  portable  chip  format.  The  first  pHall  prototype  could  achieve  a  detection  rate  of 
-100,000  cells/sec  with  a  resolution  of  500  MNPs/cell.  Clinical  potential  of  the  system  is  demonstrated  by 
molecularly  profiling  cells  for  known  tumor  markers  and  by  detecting  as  few  as  -20  tumor  cells  in  500  pL  of 
whole  blood. 

MicroHall  sensor  for  direct  CTC  detection  and  profiling  in  blood/  Seminar 

Korean  Institute  of  Machinery  and  Materials  (KIMM),  Korea  (2014) 

Changwook  Min 

Daejeon,  Korea;  11 -Nov-201 4  (International) 

The  ability  to  detect  rare  cells  (<100  cells/ml  whole  blood)  and  obtain  quantitative  measurements  of  specific 
biomarkers  on  single  cells  is  increasingly  important  in  basic  biomedical  research.  Implementing  such 
methodology  for  widespread  use  in  the  clinic,  however,  has  been  hampered  by  low  cell  density,  small  sample 
sizes,  and  requisite  sample  purification.  To  overcome  these  challenges,  we  have  developed  a  microfluidic 
chip-based  micro-Hall  detector,  which  can  directly  measure  single,  immunomagnetically  tagged  cells  in  whole 
blood.The  pHall  detector  can  detect  single  cells  even  in  the  presence  of  vast  numbers  of  blood  cells  and 
unbound  reactants,  and  does  not  require  any  washing  or  purification  steps.  In  addition,  the  high  bandwidth  and 
sensitivity  of  the  semiconductor  technology  used  in  the  pHall  detector  enables  high-throughput  screening 
(currently  -107  cells/min).  The  clinical  use  of  the  pHall  detector  was  demonstrated  by  detecting  circulating 
tumor  cells  in  whole  blood  of  20  ovarian  cancer  patients  at  higher  sensitivity  than  currently  possible  with  clinical 
standards.  Furthermore,  the  use  of  a  panel  of  magnetic  nanoparticles,  distinguished  with  unique  magnetization 
properties  and  bio-orthogonal  chemistry,  allowed  simultaneous  detection  of  the  biomarkers  EpCAM,  HER2/ 
neu,  and  EGFR  on  individual  cells.  This  cost-effective,  single-cell  analytical  technique  is  well  suited  to  perform 
molecular  and  cellular  diagnosis  of  rare  cells  in  the  clinic. 

Magnetic  sensing  technology  -  a  new  biosensor  platform  for  medical  diagnosis 

Material  Research  Society  Fall  Meeting,  Boston,  MA(2014) 

Hakho  Lee 

Boston,  MA;  3-Dec-2014  (National) 

A  major  challenge  in  medicine  is  the  rapid  and  accurate  measurement  of  protein  biomarkers,  cells,  and 
pathogens  in  biological  samples.  Biosensors  based  on  magnetic  detection  emerge  as  a  promising  diagnostic 
platform.  Due  to  the  intrinsically  negligible  magnetic  susceptibilities  of  biological  targets,  magnetic  detection 
experiences  little  interference  from  native  biological  samples;  even  optically  turbid  samples  will  often  appear 
transparent  to  magnetic  fields.  Biomolecules  or  cells  of  interests,  when  magnetically  labeled,  however,  can 
attain  a  high  contrast  against  complex  biological  background.  This  presentation  will  review  such  magnetic 
sensing  technologies,  specifically  focusing  on  a  general  detection  platform  termed  diagnostic  magnetic 
resonance  (DMR).  Similar  to  clinical  MRI,  the  DMR  utilizes  magnetic  nanoparticles  to  modulate  the  spin-spin 
relaxation  time  of  neighboring  water  molecules.  Various  assay  configurations  and  nanoparticles  have  been 
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designed  to  detect  a  wide  range  of  targets  including  DNA,  mRNA,  proteins,  enzymatic  activity,  metabolites, 
drugs,  pathogens,  exosomes  and  tumor  cells.  With  these  and  on-going  advances  in  system  design,  the  DMR 
technology  holds  great  promise  as  a  high-throughput,  low-cost,  and  portable  platform  in  clinical  and  point-of- 
care  settings. 

On-chip  medical  diagnosis 

2015  Blavatnik  Science  Symposium 
Hakho  Lee 

New  York,  NY;  5-Aug-201 5  (National) 

Abstract  n/a 

Magnetic  biosensor  for  medical  diagnosis 

The  14th  International  Conference  on  Advanced  Materials 
Hakho  Lee 

Jeju,  Korea;  27-Oct-2015  (International) 

One  of  the  major  challenges  in  medicine  is  the  rapid  and  accurate  measurement  of  protein  biomarkers,  cells, 
and  pathogens  in  biological  samples.  Biosensors  based  on  magnetic  detection  emerge  as  a  promising 
diagnostic  platform.  Due  to  the  intrinsically  negligible  magnetic  susceptibilities  of  biological  entities,  magnetic 
detection  experiences  little  interference  from  native  biological  samples;  even  optically  turbid  samples  will  often 
appear  transparent  to  magnetic  fields.  Biomolecules  or  cells  of  interests,  when  magnetically  labeled,  however, 
can  attain  a  high  contrast  against  complex  biological  background.  This  presentation  will  review  such  magnetic 
sensing  technologies. 

New  biosensor  technologies  for  cellular  and  molecular  detection  (tutorial) 

Material  Research  Society  Fall  Meeting,  Boston,  MA(2015) 

Hakho  Lee 

Boston,  MA;  3-Dec-2015  (National) 

Cancer  encompasses  a  broad  family  of  more  than  100  complex  diseases  that  share  the  phenomenon  of  cell 
populations  that  undergo  uncontrolled  division  and  also  have  the  potential  to  invade  other  tissues  in  the  body. 
Our  ability  to  understand  the  vast  complexity  of  cancer,  much  less  clinically  control  it,  is  only  as  good  as  the 
tools  we  have  available  to  study  it.  For  materials  scientists  seeking  to  understand  the  challenges  and 
opportunities,  the  tutorial  will  provide  an  overview  of  two  important  fields  of  technology  development:  modeling 
systems  and  analysis  tools.  Materials  science  is  a  fundamental  feature  driving  progress  in  both  of  these  critical 
fields,  yet  more  is  required  from  the  materials  science  community  to  further  advance  capabilities  on  both  fronts. 
For  example,  new  hydrogel  materials  for  3D  cell  culture  were  integrated  in  microfluidics  for  modeling  tumor 
angiogenesis.  Novel  magnetic  nanomaterials  were  exploited  for  tumor  targeting  and  biomarker  detection. 
Symposium  K  will  highlight  groundbreaking  advances  that  span  a  broad  landscape  of  emerging  molecular- 
and  cellular-scale  technologies  focused  on  cancer.  Part  I  of  the  tutorial,  presented  by  Roger  Kamm,  will 
discuss  the  evolution  of  microsystems  for  modeling  tumor  development,  progression  and  metastasis.  In 
particular,  descriptions  on  tumor  vascular  modeling  capturing  early  stage  mechanisms  of  metastatic  potential 
and  characterizing  epithelial  to  mesenchymal  transition  will  provide  materials  scientists  with  an  understanding 
of  critical  events  of  tumorigenesis,  proliferation  and  progression.  Part  II,  presented  by  Hakho  Lee,  will  focus  on 
innovative  molecular  and  cellular  detection  technologies,  especially  for  cancer  diagnosis  and  monitoring.  Lee 
will  discuss  a  broad  spectrum  of  sensor  technologies  that  have  been  applied  towards  targeting  and  tracking 
molecular  markers,  circulating  tumor  cells,  and  trafficking  vesicles  used  to  identify  cancer.  Both  lectures  will 
include  a  discussion  of  the  role  of  improved  materials  science  for  advancing  both  novel  molecular  detection 
technologies  and  in  vitro  modeling  systems. 

Mobile  diagnostics  and  patient  monitoring 

Hakho  Lee 

2016  World  Medical  Innovation  Forum 
Boston,  MA;  25-Apr-2016  (International) 

Recent  progresses  in  digital  sensors  and  computational  approaches  create  new  opportunities  for  point-of-care 
(POC)  cancer  diagnostics  and  care  delivery.  By  integrating  ideas  and  techniques  embodied  in 
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microelectronics,  and  nanotechnology,  my  research  focuses  on  advancing  sensitive,  fast,  and  cost-effective 
diagnostic  platforms.  This  presentation  will  introduce  novel,  mobile  devices  for  point-of-care  cancer  detection. 

Magnetic  sensors  for  clinical  diagnostics:  from  nanoscale  vesicles  to  cancer  cells 

Hakho  Lee 

The  11th  International  Conference  on  the  Scientific  and  Clinical  Applications  of  Magnetic  Carriers 
Vancouver,  Canada;  3-Jun-2016  (International) 

A  major  challenge  in  clinical  medicine  is  the  rapid  and  accurate  measurement  of  biomarkers  in  diverse  media. 
Biosensors  based  on  magnetic  detection  are  promising  diagnostic  platform  for  such  medical  diagnostics. 
Magnetic  detection  experiences  little  interference  biological  sample  because  of  the  inherently  negligible 
magnetic  background  of  biological  objects;  even  optically  turbid  samples  will  often  appear  transparent  to 
magnetic  fields.  With  magnetic  labeling,  however,  biomolecules  or  cells  of  interests  can  attain  a  high  contrast 
against  background.  We  have  been  developing  different  types  of  magnetic  sensors  optimized  for  specific 
biological  targets.  Our  systems  include  a  miniaturized  NMR  platform  that  is  ideal  for  detecting  nanoscale 
objects  or  molecules  (e.g.,  exosomes,  DNA,  mRNA);  a  microHall  chip  to  screen  individual  cells  labeled  with 
magnetic  nanoparticles;  and  iii)  a  diamond-based  magnetometer  for  ultra-sensitive  magnetic  imaging.  This 
presentation  will  review  each  of  these  systems,  with  emphasis  on  its  potential  clinical  applications.  Common 
key  components  such  as  magnetic  nanomaterials  and  labeling  strategies  will  also  be  discussed. 

Nanotechnology  platforms  for  clinical  diagnostics  (Keynote  lecture) 

Changwook  Min,  Huilin  Shao,  Ralph  Weissleder,  Cesar  M.  Castro,  Hakho  Lee 
International  Society  for  Nanomedicine  (ISNM)  Congress 
Seoul,  Korea;  29-Sep-2016  (International) 

Biosensors  based  on  nanotechnology  are  promising  platforms  for  such  medical  diagnostics.  Nanostructures, 
with  their  unique  size  and  physical  properties,  can  efficiently  recognize  biomolecules,  and  subsequently 
generate  distinctive  analytical  signals.  We  have  been  developing  different  types  of  nanotechnology  platforms 
designed  for  specific  clinical  applications.  This  presentation  will  review  some  of  these  platforms  that  are 
optimized  for  high-throughput  molecular  screening  of  cells  and  exosomes.  Our  data  showed  promising 
potential  of  using  these  biological  targets  to  monitor  the  tumor  progression  and  treatment  responses.  Further 
clinical  investigations  are  underway  to  rigorously  evaluate  their  clinical  utility  for  cancer  managements. 

Advances  in  proteomics  analysis  in  liquid  biopsies 

Cesar  M.  Castro 

28th  EORTC-NCI-AACR  Symposium  on  Molecular  Targets  and  Cancer  Therapeutics 
Munich,  Germany;  1 -Dec-201 6  (International) 

Abstract  n/a 

Harnessing  Nanotechnologies  for  Innovative  Ovarian  Cancer  Care 

Cesar  M.  Castro 

Northeastern  University  IGERT  Nanomedicine  Lecture  Series 
Boston,  MA;  14-Nov-2014 

Abstract  n/a 

•  Technologies  or  techniques. 

Nothing  to  report. 

•  Technologies  or  techniques. 

The  research  has  produced  a  library  of  procedures  to  make  fluidic  devices,  synthesize  magnetic  nanoparticles 
and  prepare  them  for  bioconjugation,  and  perform  low-noise  magnetic  measurements.  All  data  are 
electronically  stored  and  archived,  and  will  be  made  available  through  publications  in  peer  reviewed  journals. 
As  in  the  past,  all  of  these  resources  will  be  shared  freely  with  scientific  community  upon  execution  of  a  proper 
MTA  through  the  Office  of  Corporate  Licensing  (MGH). 
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•  Other  Products 

This  research  led  to  the  following  outcomes  and  products. 


•Hall  sensor  1C  chips  for  highly  sensitive  magnetic  measurements 
•A  poratble,  high-speed  data  acqusition  system  based  on  FPGA 
•Magnetic  nanoparticles  with  different  magnetic  dopings  and  surface  coatings 
•Magnetization  and  susceptiblity  data  of  various  magnetic  nanoparticles 
•Biocongugation  protocol  for  nanoparticles 
•Protein  screening  data  on  ovarian  cancer  cell  lines 

Educational  material  for  intramural  coursework  of  CSB10  -  Engineering  Biosensors 

•New  microfabrication  facilities  (i.e.,  cleanroom,  electronics  lab,  machine  shop),  which  have  significantly 
expanded  our  capacities  for  biosensor  development. 


7.  PARTICIPANTS  &  OTHER  COLLABORATING  ORGANIZATIONS 


What  individuals  have  worked  on  the  project? 


Name: 


Project  Role: 


Researcher  Identifier 


Nearest  person  month  worked: 


Contribution  to  Project: 


Funding  Support: 


Name: 


Project  Role: 


Researcher  Identifier 


Nearest  person  month  worked: 


Contribution  to  Project: 


Funding  Support: 


Hakho  Lee 


Principal  Investigator 


orcid.org/0000-0002-0087-0909 


2 


Dr.  Lee  supervised  the  overall  research,  interacting  with  investigators  and  research 
fellows,  and  discussing  all  experimental  designs  and  data. 


Cesar  M.  Castro 


Co-Principal  Investigator 


\N/A 


1 


Dr.  Castro  guided  the  biological  research,  identifying  biomarkers  for  ovarian  cancer 
detection,  and  validating  the  selection  through  in-vitro  assays. 


Name: 


Project  Role: 


Researcher  Identifier 


I  Ralph  Weissleder 


Investigator 


\N/A 


Nearest  person  month  worked:  1 


Contribution  to  Project:  Dr.  Weissleder  provided  scientific  assistance  in  designing  magnetic  nanoparticles.  He 

also  granted  full  access  to  technologies  available  in  his  laboratory. 


Funding  Support: 


Name: 


Project  Role: 


Researcher  Identifier 


Nearest  person  month  worked: 


Contribution  to  Project: 


Funding  Support: 


Changwook  Min 


Graduate  student 


\N/A 


6 


Mr.  Min  designed  the  Hall  1C  chip,  constructed  the  electrical  measurement  setup,  and 
validated  the  entire  system. 


Name: 

Huilin  Shao 

Project  Role: 

Research  fellow 

Researcher  Identifier 

N/A 

Nearest  person  month  worked: 

3 

Contribution  to  Project: 


Funding  Support: 


Dr.  Shao  synthesized  magnetic  nanoparticles,  optimized  the  surface  coating,  and 
validated  MNP-conjugation  with  antibodies. 


Name: 

Yongil  Park 

Project  Role: 

Research  fellow 

Researcher  Identifier 

N/A 

Nearest  person  month  worked: 

4 

Contribution  to  Project: 

Dr.  Park  worked  with  Dr.  Shao  on  the  development  of  magnetic  nanoagents  for  cell 
labeling.  Dr.  Park  also  trained  Dr.  Shao  on  these  skills 

Funding  Support: 

NIH 

Name: 

Kisoo  Park 

Project  Role: 

Research  fellow 

Researcher  Identifier 

N/A 

Nearest  person  month  worked: 

4 

Contribution  to  Project: 

Dr.  Park  worked  with  Mr.  Min  for  optimizing  the  bioconjugation  of  MNPs  for  cell  labeling. 
Dr.  Park  also  trained  Mr.  Min  on  these  skills 

Funding  Support: 

NIH 

Name: 

Craig  Pille 

Project  Role: 

Research  intern 

Researcher  Identifier 

N/A 

Nearest  person  month  worked: 

6 

Contribution  to  Project: 

Mr.  Pille  participated  in  developing  the  measurement  system,  particularly  optimizing  the 
operation  of  molecular  dispensers. 

Funding  Support: 

Northeastern  University 

Name: 

Lucas  Rohrer 

Project  Role: 

Research  intern 

Researcher  Identifier 

N/A 

Nearest  person  month  worked: 

6 

Contribution  to  Project: 

Mr.  Rohrer  was  trained  for  cellular  labeling,  and  optimized  the  assay  protocol. 

Funding  Support: 

Northeastern  University 

•  Has  there  been  a  change  in  the  active  other  support  of  the  PD/PI(s)  or  senior/key  personnel  since  the 
last  reporting  period? 

Nothing  to  report. 


•  What  other  organizations  were  involved  as  partners? 


Organization  Name 

Electronics  and  Telecommunications  Research  Institute  (ETRI) 

Location  of  Organization 

South  Korea 

Partner's  contribution  to  the  project 

ETRI  provided  the  foundry  service  for  fabricating  the  1C  version  of  the  Hall  sensor. 

Financial  support 

In-kind  support  and  Facilities 

Organization  Name 

Yonsei  Institute  of  Basic  Science  (YIBS) 

Location  of  Organization 

South  Korea 

Partner's  contribution  to  the  project 

IBS  provided  a  library  of  magnetic  nanoparticles  with  different  magnetic  properties. 
These  particles  were  used  to  perform  magnetic  multiplexing  with  the  Hall  sensor. 

Financial  support 

Collaboration 
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8.  SPECIAL  REPORTING  REQUIREMENTS 

Not  applicable. 

9.  APPENDICES 

Publications  listed  in  Section  6  are  attached. 

1 .  Lee  H,  Shin  TH,  Cheon  J,  Weissleder  R  (201 5)  Recent  developments  in  magnetic  diagnostic  systems. 

Chem  Rev  115:10690-10724.  PMID:26258867. 

2.  Lee  K,  Shao  H,  Weissleder  R,  Lee  H  (2015)  Acoustic  purification  of  extracellular  microvesicles.  ACS  Nano 
9:2321-2327. 

3.  Im  H*,  Castro  CM*,  Shao  H,  Liong  M,  Song  J,  Pathania  D,  Fexon  L,  Min  C,  Avila-Wallace  M,  Zurkiya  O,  Rho 
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1.  INTRODUCTION 

Rapid  point-of-care  (POC)  diagnostics  that  enable  specific 
cellular  and  molecular  detection  are  currently  being  developed 
while  some  have  already  become  clinical  reality.  These 
diagnostics  are  often  based  on  portable,  hand-held  instruments 
and  reagent-containing  test  kits.  Overall,  the  development  has 
largely  been  driven  by  technological  advances,  medical  needs, 
and  cost-saving  initiatives.  For  example,  POC  systems  allow  care 
providers  to  obtain  test  results  quicker,1  which  in  turn  enables 
immediate  clinical  management  decisions  and  elimination  of 
costly  delays  to  result  in  better  care.  The  introduction  of  POC 
systems  into  primary  and  home  care  will  ultimately  preempt 
unnecessary  hospitalization,  improve  inefficiencies  associated 
with  expensive  hospital-based  medical  care,  and  reduce  depend¬ 
ence  on  large,  centralized  clinics  for  routine  diagnosis."’^  POC 
technologies  are  also  expected  to  have  major  impacts  in  resource- 
limited  settings  and  low/middle  income  countries  where  access 
to  healthcare  is  often  limited.4 
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POC  technologies  were  first  developed  to  address  basic 
medical  needs.  Currently  available  devices  include  those  for 
blood  glucose  testing/'  blood  gas  and  electrolyte  analysis/ 
coagulation  testing,”  cardiac  marker  diagnostics,7’3  drug-abuse 
screening,  pregnancy  testing,10  fecal  occult  blood  analysis,11 
hemoglobin  diagnostics,1-  cholesterol  screening,13  and  limited 
infectious  disease  testing.  ’’  With  increasing  demands  to 
address  more  clinical  needs,  the  past  few  years  have  seen  an 
explosive  growth  of  different  POC  sensing  approaches16-10 
based  on  electrical  impedance,-0  colorimetric,21  optical,-2  and 
magnetic'  -  sensing  strategies.  Particularly  for  cellular, 
molecular,  and  genetic  testings,  there  remain  challenges  with 
many  of  these  techniques.  These  challenges  include  further 
improving  sensitivity  and  specificity,  increasing  complexity  of 
tests,  needs  for  complicated  upfront  purification  (and  possible 
loss  of  precious  samples),  unique  issues  associated  with  low 
volume  testing,  higher  training  needs,  higher  quality  control 
costs,  regulatory  burden,  and  expense. 

Irrespective  of  the  specific  approach,  a  major  limitation  to 
most  techniques  remains  sample  purification  and  enrichment  for 
scarce  targets  (molecular,  genetic,  and  pathogens).  Magnetic 
sensing  offers  many  advantages  as  human  samples  are  naturally 
devoid  of  ferromagnetic  materials  (unlike  electrical  and  optical 
technologies  where  interferents  abound).  Magnetic  nano¬ 
particles  (MNPs)  are  also  extensively  used  in  biomedical 
separation  technologies-6  and  for  imaging,’1  34  and  are 
generally  innocuous  to  human  cells  and  other  samples.  Finally, 
new  generations  of  miniaturized  magnetic  detectors  have 
recently  become  available  to  utilize  advanced  magnetic  nano¬ 
materials  for  molecular  testing.  This  article  reviews  recent 
advances  in  such  magnetic  POC  devices,  requirements  for 
magnetic  materials,  and  advanced  conjugation  chemistries. 

2.  POC  ASSAY  SYSTEMS  USING  MAGNETIC 
NANOPARTICLES 

Magnetic  POC  systems  exploit  the  following  advantages  of 
MNPs  to  achieve  highly  selective  and  sensitive  detection  (Figure 
1). 


MNPs 

High  binding 

Facile  force 

High  SNR  in 

affinity 

generation 

detection 

Figure  1.  Unique  advantages  of  magnetic  nanoparticles  (MNPs)  in 
diagnostic  applications.  Affinity  functionalized  MNPs  can  efficiently 
bind  to  biological  targets.  The  resultant  magnetically  labeled  targets 
(cells,  proteins,  nucleic  acids)  can  be  mechanically  manipulated  by 
applying  external  magnetic  fields  (magnetic  actuation),  or  detected  by 
using  magnetometers  (magnetic  sensing).  These  operations  achieve 
high  contrast  against  the  biological  background,  and  can  be  performed  in 
native,  i.e.,  nonpurified,  clinical  specimens. 


(i)  By  conjugating  affinity  ligands  onto  their  surface,  MNPs 
can  be  used  to  selectively  label  biological  targets.  The  binding 
efficiency  is  higher  than  that  of  a  single  ligand  alone,  because 
MNPs  offer  multiple  binding  sites.  ’3 

(ii)  MNPs  can  enhance  or  amplify  the  analytical  signal.  By 
tagging  targets  with  MNPs,  one  can  achieve  high  contrast  against 
the  background,  which  leads  to  higher  detection  sensitivities.  In 
nuclear  magnetic  resonance  (NMR)  detection  where  the 


relaxation  of  *H  protons  is  measured,  each  MNP  influences 
millions  of  surrounding  water  molecules,  a  most  effective 
amplification  strategy.- 

(iii)  MNPs  can  facilitate  selective  manipulation  and  sorting  of 
targets,  as  only  MNP-labeled  targets  will  respond  to  the  external 
magnetic  field  and  experience  mechanical  force.  This  principle  is 
extensively  used  in  MNP-based  cell  sorting  and  enrichment. 

This  section  reviews  various  MNP-based  bioassay  systems.  We 
broadly  categorized  them  as  magnetic  sensors  and  actuators, 
according  to  their  primary  use  of  MNPs,  and  discuss 
representative  examples  in  each  category. 

2.1.  Magnetic  Detection 

Signals  from  MNP-labeled  biological  objects  are  often  measured 
by  magnetometers.’  Based  on  the  detection  mechanism, 
magnetometers  can  be  categorized  into  volumetric  or  surface- 
based  sensors.36  The  volumetric  sensors  measure  analytical 
signals  coming  from  the  entire  detection  volume,  which  makes 
assays  simple  and  fast.  The  sensors’  resolving  power,  however, 
can  be  restricted,  because  the  acquired  signal  is  an  ensemble 
average  of  the  whole  volume.  Representative  examples  of 
volumetric  sensors  include  NMR  devices,  magnetic  suscepto- 
metors,  and  conventional  superconducting-quantum-interfer¬ 
ence  devices  (SQUIDs).  Surface-based  sensors  directly  detect 
individual  magnetic  objects  near  the  sensing  elements.  These 
sensors  generally  achieve  higher  sensitivity  and  finer  resolution 
than  volumetric  ones,  but  target  samples  should  be  placed  in 
close  proximity  of  the  sensor  surface.  Such  an  arrangement  limits 
the  assay  configuration,  and  typically  causes  the  assays  to  be  more 
time-consuming.  To  date,  many  different  types  of  magneto¬ 
meters  (e.g.,  magnetoresistance  sensors,  Hall  effect  sensors)  have 
been  developed  as  surface-based  biosensors. 

2.1.1.  MicroNMR  (/(NMR)  System.  NMR  detects  MNP- 
labeled  targets  by  measuring  the  proton  signal.  The  local 
dipole  fields  generated  by  MNPs  perturb  the  precession  of 
nuclear  spins  in  water  protons.  Samples  containing  MNP-labeled 
targets  thus  display  faster  signal  decay  (higher  transverse 
relaxation  rate)  than  nontargeted  samples  (Figure  2a).3  Because 
each  MNP  can  affect  a  large  number  of  its  surrounding  water 
molecules,  NMR-based  detection  benefits  from  an  intrinsic 
signal  amplification  to  achieve  high  detection  sensitivity.-  ’ 

Significant  progress  has  been  made  toward  miniaturizing 
NMR  detection  systems  for  POC  diagnostics.  Advancements 
include  designing  new  NMR  grade  magnets,4'  miniaturizing 
NMR  electronics  into  integrated  circuit  (IC)  chips, 41  and 
implementing  smaller  NMR  coils.42  44  These  miniaturized 
microNMR  (/(NMR)  systems  are  not  only  portable,  but  also 
display  higher  sensitivity  than  conventional  systems.  Figure  2b 
shows  a  recently  developed  //NMR  system  optimized  for  clinical 
operations.4’  The  system  used  disposable  tubes  (diameter,  1.2 
mm)  as  a  sample  container  to  prevent  system  contamination  and 
to  facilitate  the  sample  loading  (Figure  2c).  The  NMR 
electronics  could  be  programmed  to  execute  many  different 
pulse  sequences  (Figure  2d).  In  particular,  the  system  can 
automatically  compensate  for  drifts  in  the  NMR  frequency 
caused  by  temperature  fluctuations,  which  enabled  robust  NMR 
detection.  This  system  has  been  used  in  many  clinical  trials, 
detecting  various  biological  entities,  including  tumor  cells,16'46’4 
pathogens,  -  and  extracellular  vesicles.43’' 3 

2.1.2.  Magnetic  Susceptometers.  Magnetic  susceptom- 
eters  measure  the  responses  of  MNPs  exposed  to  alternating 
current  (ac)  magnetic  field.  The  most  widely  used  sensing 
scheme  is  to  detect  Brownian  relaxation  of  MNPs.34’  ’  MNPs  in 
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Figure  2.  MicroNMR  (//NMR)  magnetometer,  (a)  Sensing  mechanism.  Samples  containing  MNP-labeled  biological  targets  have  higher  transverse 
relaxation  rates  of 1 H  NMR  signals,  (b)  Prototype  portable  ft N M  R  system,  developed  for  clinical  applications.  This  system  has  a  capacity  for  automatic 
system  tuning  and  features  a  user-friendly  interface,  (c)  Magnet  assembly  and  the  NMR  probe  design.  The  microcoil  is  embedded  in  a 
polydimethylsiloxane  (PDMS)  substrate.  The  entire  coil  bore  is  accessible  by  a  sample,  which  maximizes  the  sample-filling  factor.  A  thin-walled  tube  is 
used  for  sample  loading,  (d)  The  NMR  electronics  is  implemented  using  a  field-programmable-gate-array  (FPGA)  chip  that  offers  standalone  operation 
and  high  programmability.  LNA,  low-noise  amplifier;  LPF,  low-pass  filter;  ADC,  analog-to-digital  converter.  Reproduced  with  permission  from  ref  45. 
Copyright  2011  RSC  Publishing. 


solution  undergo  thermal  rotation  with  a  time  scale  (rB)  that  is 
proportional  to  the  particle’s  hydrodynamic  volume  (see  section 
3.4  for  details).  This  thermal  motion  affects  the  ac  magnetic 
susceptibility  (%)  of  MNPs.  Specifically,  the  quadrature 
component  of  /,  which  has  90°  phase  difference  with  respect 
to  the  ac  field,  has  its  maximum  value  when  the  excitation 
frequency  is  equal  to  1/tb.  Changes  in  the  hydrodynamic 
diameter,  due  to  target  binding  to  MNPs,  would  shift  the  peak 
position.  Compared  to  the  /(NMR  that  requires  a  highly  uniform 
magnetic  field,  magnetic  susceptometry  could  be  performed  with 
a  simpler  setup.  For  example,  Park  et  al.  implemented  a  compact 
magnetic  susceptometer  to  measure  Brownian  relaxation  of 
MNPs  (Figure  3a).56  The  magnetic  susceptometry,  however,  has 
lower  sensitivity  than  the  //NMR,  because  the  sensing  lacks  the 
inherent  signal  amplification  mechanism. 

Magnetic  susceptometry  has  been  used  to  detect  various 
biological  targets,  such  as  soluble  proteins/  DNA,55  and 
bacteria,'5  with  signals  measured  either  by  induction  coils  or 
SQUID  under  ac  magnetic  field  excitation.  By  using  ac  magnetic 
susceptibility  as  a  unique  signature,  the  device  could  differentiate 
multiple  types  of  MNPs  based  on  their  different  hydrodynamic 
sizes  (Figure  3b). 

2.1.3.  Magnetoresistance  Sensors.  Magnetoresistance 
sensors  detect  their  changes  in  electrical  resistance  when  exposed 
to  external  magnetic  fields.  The  most  widely  used  magneto¬ 
resistance  sensor  type  is  the  giant  magnetoresistance  (GMR) 
magnetometer.  The  GMR  effect  is  caused  by  the  electron  spin- 
dependent  scattering  of  conduction  electrons  in  magnetic 
layers.  The  phenomenon  occurs  in  an  artificial  magnetic 
structure  comprising  multiple  layers  of  ferromagnetic  and 
nonmagnetic  materials  (Figure  4a).  External  magnetic  fields 
change  the  relative  angle  between  layers’  magnetizations. 


Accordingly,  electrons  passing  through  the  layers  experience  a 
different  level  of  scattering  (Figure  4b).  For  biosensor 
applications,  GMR  sensors  are  typically  used  in  association 
with  a  sandwich  assay  format,  wherein  molecular  targets  are 
immobilized  on  the  sensor  surface  and  labeled  with  magnetic 
probes. 

The  initial  GMR  biosensor  used  micrometer-sized  magnetic 
beads  as  a  probe.”  However,  the  considerable  size  disparity 
between  the  probes  and  the  molecular  targets  was  a  limiting 
factor  in  the  assay  speed  and  sensitivity.61  The  use  of  MNPs 
helped  overcome  such  limitations  and  enabled  sensitive 
detection  of  low  amounts  of  proteins.25’61'62  Furthermore, 
GMR  sensor  arrays,  with  each  sensor  functionalized  with 
different  antibodies,  were  developed  for  parallel  detection. 
These  sensors  achieved  the  detection  limit  of  ~50  aM  and 
displayed  high  dynamic  ranges."  To  provide  massively  parallel 
sensing,  a  hybrid  GMR  sensor  was  constructed  by  juxtaposing 
two  different  chips:  a  256  GMR  array  and  a  complementary 
metal  oxide  semiconductor  (CMOS)  chip  for  signal  processing 
(Figure  4c).59  Compared  to  other  magnetic  detectors,  GMR 
sensors  are  usually  more  difficult  to  implement,  as  they  require 
specialized  magnetic  wafers. 

2.1 .4.  Micro-Hall  (//Hall)  Sensors.  When  a  current-carrying 
electrical  conductor  is  placed  in  a  magnetic  field,  a  voltage 
difference  is  developed  across  the  conductor,  transverse  to  the 
current  direction.  This  phenomenon,  called  the  classical  Hall 
effect,  is  caused  by  the  accumulation  of  the  moving  charges  to  the 
sides  of  the  conductor.  Compared  to  MR-based  sensors,  the 
Hall-effect  sensors  have  a  lower  magnetic-field  sensitivity. 
However,  they  display  an  excellent  signal  linearity  at  high 
magnetic  fields  (>2  T)  that  can  fully  magnetize  MNPs. 
Furthermore,  the  sensor  fabrication  is  compatible  with  CMOS 
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Figure  3.  Magnetic  susceptometer  biosensor,  (a)  A  quadrature  detector 
was  developed  to  sense  alternating  current  (ac)  magnetic  susceptibility 
in  solution.  PLL,  phase-locked  loop,  (b)  The  peak  in  the  magnetic 
susceptibility  shifts  with  particle  size.  The  magnetic  responses  of  two 
differently  sized  MNPs  were  measured  (red,  25  nm  core;  blue,  50  nm 
core).  This  information  was  used  to  distinguish  the  composition  in  the 
mixture  (green).  Reprinted  with  permission  from  ref  56.  Copyright  2011 
IOP  Publishing  Ltd. 


processing,  which  enables  on-chip  integration  of  a  large  array  of 
Hall  sensors  and  other  auxiliary  electronics.  Various  types  of 
micrometer-scale  Hall  (micro-Hall;  //Hall)  sensors  have  been 
developed  and  applied  for  molecular  detection.  ~~ 56  Gambini  et 
al.  advanced  this  technology  by  developing  a  lar^e  (64  X  160) 
sensor  array  via  CMOS  technology  (Figure  5a).  ’  The  chip  also 
contained  a  signal  processing  circuit  and  microelectromagnets  to 
temporarily  magnetize  magnetic  beads  (Figure  5b).  The  system 
measured  the  remnant  magnetic  field  (B^ead)  coming  from  the 
beads  immediately  after  the  polarizing  magnetization  field  (B0) 
was  switched  off  (Figure  5c). 68  In  this  way,  the  weak  Bbead  from 
the  magnetic  beads  could  be  distinguished  from  much  stronger 
B0  (102— 10s  times  larger).  In  a  titration  experiment  with 
magnetic  beads  (Dynabead  M280,  Invitrogen),  the  sensor 
showed  the  resolution  of  25  particles  per  array,  which  was 
equivalent  to  a  0.1%  coverage  of  the  sensing  area  (0.64  mm2).6 

More  recently,  Issadore  et  al.  introduced  a  new  //Hall  system 
that  can  profile  cells  in  a  flow  condition  (magnetocytome¬ 
try)."  4,6  The  sensor  detected  magnetic  fields  from  MNP-labeled 
cells.  The  measured  Hall  voltage  (VH)  was  proportional  to  the 
MNP  numbers  per  cell,  which  in  turn  enabled  quantitative 
molecular  profiling  (Figure  5d).  For  a  given  number  of  MNPs, 
the  detection  sensitivity  was  enhanced  by  using  MNPs  with  high 
magnetic  moments  (e.g.,  doped  ferrite,  Fe-based  particles). 
Because  the  sensor  measured  time-varying  signals  from  flowing 
cells,  it  could  operate  in  the  ac-coupling  mode  to  block 
interference  from  the  static  external  magnetic  field  (B0).  In 
addition,  eight  8X8  //m2  Hall  elements  were  laid  out  as  an 
overlapping  2X4  array  (Figure  5e).  This  arrangement  ensured 


that  cells  inside  the  fluidic  channel  would  be  detected  by  at  least 
two  Hall  sensors  to  improve  the  accuracy."4  When  cancer  cells 
were  profiled  for  surface  markers,  the  //Hall  results  agreed  well 
with  those  from  flow  cytometry  (Figure  5f).  The  //Hall  detection, 
however,  did  not  require  washing  or  purification  steps,  and  could 
be  performed  in  complex  biological  media.  With  such  a  capacity, 
the  //Hall  sensor  was  ideally  suited  to  detect  rare  cells  in  native 
biological  samples.  For  example,  the  //Hall  sensor  was  able  to 
detect  circulating  tumor  cells  in  cancer  patient  blood  samples, 
even  in  those  tested  negative  with  clinical  standards 
(CellSearch).24 

2.1.5.  Diamond  Magnetometer.  Magnetometry  based  on 
nitrogen— vacancy  (N— V)  center  diamonds  is  an  emerging  new 
technology  for  ultrasensitive  magnetic  detection.' 0  The  N— V 
center  is  an  association  of  a  nitrogen  atom  and  a  vacancy  inside  a 
diamond  crystal  lattice  (Figure  6a).  The  center  has  a  ground- 
state  energy  with  spin  triplet  (ms  =  0  and  ±l).  The  ms  =  0  state 
spontaneously  split  from  ms  =  ±  1  (zero-field  splitting)  state,  with 
an  energy  difference  of  2.87  GHz.  In  the  presence  of  external 
magnetic  fields,  the  energy  levels  of  ms  =  ±1  would  further  split 
according  to  Zeeman  effects  (Figure  6b).  The  energy  differences 
between  ms  =  ±1  and  ms  =  0  can  be  measured  spectroscopically 
to  determine  the  strength  of  external  magnetic  fields. 

One  readout  method  is  based  on  continuous  optical  and 
microwave  excitation.  In  this  approach,  a  N— V  system  is 
optically  polarized,  through  532  nm  excitation,  into  the  excited 
state  of  ms  =  0;  the  spontaneous  decay  of  ms  =  0  level  from  the 
excited  to  the  ground  state  generates  red  fluorescence.  A 
concurrent  microwave  excitation  can  induce  transition  from  ms  = 
0  to  ms  =  ±1  at  the  ground  state,  and  the  fluorescence  intensity 
decreases  as  fewer  ms  =  0  spins  are  available.  By  measuring  the 
florescent  intensity  at  sweeping  microwave  frequency,  the 
relative  change  of  ms  =  0  population  can  be  measured.  Without 
external  magnetic  fields,  only  a  single  dip  in  the  fluorescence 
intensity  is  observed  due  to  ms  =  ±1  degeneracy.  With  external 
magnetic  fields  on,  the  Zeeman  effect  removes  the  degeneracy, 
and  splits  the  single  dip  into  two;  the  interdip  distance  is  linearly 
proportional  to  the  field  strength  (Figure  6c). 

N— V  diamonds  could  be  an  excellent  biosensing  platform. 
They  assume  ultrahigh  detection  sensitivity  (3  nT/Hz1^2),71  and 
yet  operate  at  ambient  conditions.  In  addition,  standard 
microscopy  is  used  for  signal  acquisition,  offering  a  possibility 
for  wide-field  imaging.  For  example,  Le  Sage  et  al.  used  a  N— V 
sensor  to  magnetically  image  magnetotactic  bacteria  (Figure 
6d).  5  Magnetic  fields,  coming  from  chains  of  magnetosomes 
inside  the  bacteria,  were  measured,  and  their  vector  maps  were 
generated  at  a  subcellular  resolution  (400  nm).  More  recently, 
N— V  diamond  sensors  have  also  been  adopted  as  an  NMR 
reader.  The  sensor  demonstrated  exquisite  sensitivity, 
detecting  NMR  signal  from  104  nuclear  spins  from  nanometer 
scale  samples. 

2.2.  Magnetic  Actuation 

Magnetic  actuation  uses  MNPs  as  a  remote  handle  to  exert 
mechanical  forces  on  target  objects.  As  in  magnetic  detection,  the 
operation  is  highly  selective  even  in  complex,  turbid  samples,"4 
due  to  the  inherently  negligible  magnetic  susceptibility  of 
biological  objects,  and  can  be  performed  in  a  parallel  and  high- 
throughput  fashion."8’"  Furthermore,  by  employing  micro¬ 
fabrication,  magnetic  actuators  can  be  integrated  with  sensing 
elements  into  an  easy-to-use,  microfluidic  cartridge.  ),8° 

Biological  objects  labeled  with  MNPs  assume  an  induced 
magnetic  moment  (m)  when  subjected  to  external  magnetic 
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Figure  4.  Giant  magnetoresistance  (GMR)  magnetometer,  (a)  GMR  sensors  have  multiple  layers  of  magnetic  and  nonmagnetic  materials.  The 
magnetization  of  a  reference  layer  is  fixed  through  indirect  exchange  coupling  in  the  synthetic  antiferromagnet.  The  magnetization  of  the  free  layer, 
however,  can  rotate  in  response  to  the  external  magnetic  field  strength  (Hext).  (b)  Due  to  the  spin-dependent  electron  scattering,  the  electrical  resistance 
of  a  GMR  sensor  changes  as  a  function  of  the  relative  magnetization  angle  between  the  free  and  the  reference  layers,  (c)  An  array  of  256  GMR  sensors 
(top)  and  its  interface  CMOS  chip  (bottom)  were  separately  fabricated.  The  GMR  sensor  was  mounted  on  a  disposable  test  stick,  and  interfaces  with  the 
stick  reader.  A  sandwich  assay  was  used  to  detect  protein  markers.  CMOS,  complementary  metal  oxide  semiconductor.  Reproduced  with  permission 
from  ref  59.  Copyright  2013  IEEE. 


fields.  The  magnetic  force  Fm  due  to  the  external  magnetic  field 
induction  B0  is  given  as81 


Fm  =  jV(m-B0) 


(1) 


For  an  ensemble  of  MNPs,  the  induced  magnetic  moment  can 
be  expressed  as  m  =  nV/0B0/ f.i0,  where  n  is  the  particle  number,  V 
is  the  particle  volume,  is  the  volume  magnetic  susceptibility, 
and  is  the  vacuum  permeability  (see  section  3.3  for  details). 
Equation  1  can  be  rewritten  as 


nVX0 

l*o 


(b0-v)b0 


(2) 


The  force  magnitude  (Fm  =  IFml)  therefore  can  be  increased  by 
using  MNPs  with  strong  magnetization  (hence  large  /0)  and 
optimizing  their  labeling  methods  (large  n);  this  topic  is  further 
discussed  in  section  4.  On  the  device  level,  Fm  is  enhanced  by 
designing  magnetic  structures  that  can  generate  strong  (large  B0) 
as  well  as  highly  localized  magnetic  fields  (large  VB0). 

Various  types  of  micromagnetic  structures  have  been 
developed  and  integrated  with  microfluidic  systems  to  improve 
the  efficiency  of  magnetic  actuation.26’82'83  For  example, 
lithographically  patterned  magnets  that  consist  of  either 
ferromagnetic  elements1'4  >0  (e.g.,  Ni  or  Permalloy)  or  electro¬ 
magnets  ’  ’  have  been  implemented.  These  micrometer- 
scale  structures  are  ideal  in  producing  highly  localized  magnetic 
fields  (VB0  ~  100  T  m_1),  and  the  resulting  magnetic  forces  can 
be  large  enough  (100  pN  to  10  nN  on  1  //m  magnetic  beads)  to 
enable  high-throughput  sorting. 


We  discuss  two  major  modes  of  magnetic  actuation  in  sections 
2.2.1  and  2.2.2:  magnetic  separation  and  magnetic  manipulation. 
Magnetic  separation  refers  to  the  sorting  operation  that  identifies 
and  collects  target  objects,  whereas  magnetic  manipulation  is  the 
precise  spatial  and  temporal  control  of  target  objects. 

2.2.1.  Magnetic  Separation  System.  Magnetic  separation 
can  be  an  efficient  preparatory  tool  to  enrich  biological  targets 
from  heterogeneous  mixtures.94  According  to  their  operation 
modes,  the  separation  systems  can  be  further  grouped  as  a 
retention  device  or  an  in-flow  filter  device.-0  In  the  retention 
device,  magnetically  labeled  targets  are  captured  and  kept  in 
designated  areas,  while  the  rest  of  samples  are  separated  and 
removed;  the  captured  targets  can  be  subsequently  retrieved  by 
removing  the  external  magnetic  field.  In  the  in-flow  device, 
spatial  trajectories  of  magnetically  labeled  targets  are  deflected 
through  the  application  of  external  magnetic  fields,  and  targets 
are  eventually  collected  in  separate  fluidic  ports.  The  retention- 
based  separation  is  generally  fast  and  easy  to  operate,  although 
care  should  be  taken  not  to  overwhelm  the  separation  capacity  of 
the  device.  In  contrast,  the  in-flow  filtration  can  process  a  large 
volume  of  samples  without  being  saturated.  The  device 
implementation  and  operation,  however,  often  require  a  more 
sophisticated  and  balanced  coordination  between  the  fluidic  flow 
and  the  magnetic  force. 

2.2. 7. 7.  Retention  Device.  Retention  devices  should  generate 
large  magnetic  forces  to  securely  capture  targets  against  the  flow. 
As  such,  magnets  are  designed  to  create  short-ranged,  large- 
gradient  fields.  For  example,  Tibbe  et  al.  used  a  combination  of 
macro  and  microscopic  magnets  to  capture  individual  cells.90 
The  device  had  a  two-stage  magnet  system  consisting  of  a  pair  of 
external  magnets  and  a  lithographically  patterned  array  of  Ni 
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Figure  5.  Hall  magnetometer.  Two  types  of  Hall  sensor  operation  are  illustrated,  (a)  Detection  of  stationary  magnetic  beads.  A  pair  of  metal  wires  on 
both  sides  of  the  Hall-effect  sensor  are  used  to  generate  the  polarizing  field  (B0)  that  magnetizes  the  magnetic  head.  The  magnetic  field  emanating  from 
the  head  is  measured.  ±Imag,  electrical  currents  to  generate  B0.  (h)  The  heads  are  detected  via  relaxation  measurement  to  eliminate  the  large  offset 
coming  from  the  polarizing  field.  The  polarization  magnetic  field  is  applied,  and  then  switched  off.  Subsequently,  the  remnant  decaying  magnetic  field 
(Bbead)  from  the  bead  is  detected  by  the  Hall  sensor,  (c)  Die  photograph  of  a  Hall  sensor  integrated  circuit  (IC).  The  chip  contains  10  240  Hall-effect 
sensors,  control  electronics,  and  electromagnets  for  polarizing  field  generation,  (d)  Micro-Hall  (//Hall)  sensor  for  single  cell  detection  in  flow  condition. 
Each  MNP-labeled  cell  generates  magnetic  fields  that  are  detected  by  the  /./Hall  sensor.  The  Hall  voltage  (  VH)  is  linearly  proportional  to  the  MNP  counts 
per  cell.  B0,  external  magnetic  field,  (e)  Eight  //Hall  sensors  are  arranged  into  an  overlapping  2X4  array  across  the  fluidic  channel  width.  The  dotted  lines 
indicate  the  location  of  the  sample  flow,  (f)  The  //Hall  system  measured  the  expression  levels  of  epithelial  cell  adhesion  molecule  (EpCAM)  in  different 
cell  lines,  which  agreed  with  measurements  by  flow  cytometry  (inset).  Reproduced  with  permission  from  ref  67.  Copyright  2013  IEEE.  Reproduced  with 
permission  from  ref  68.  Copyright  2012  IEEE.  Reproduced  with  permission  from  ref  24.  Copyright  2012  American  Association  for  the  Advancement  of 
Science  AAAS. 


lines  (Figure  7a).  The  external  magnets  had  a  wedge  shape  to 
produce  a  field  gradient  in  the  vertical  direction.  The  Ni  lines 
were  magnetized  by  the  uniform  horizontal  field  from  the 
external  magnets,  and  produced  a  highly  localized  magnetic  field 
on  the  device  surface.  MNP-labeled  cells  in  the  sample  chamber 
would  migrate  upward  due  to  the  global  field  gradient  by  the 
external  magnets.  When  close  to  the  device  surface,  these  cells 
were  trapped  between  the  Ni  lines  where  the  magnetic  field  flux  is 
highly  concentrated.  As  the  captured  cells  aligned  along  the 
interstitial  space  of  Ni  lines,  they  could  be  easily  observed  by 
optical  systems  (Figure  7b).  Indeed,  the  device  was  further 
integrated  with  a  translation  stage  and  a  compact-disk  optics  to 
enable  multiplexed  single-cell  analyses  in  whole  blood. 9  ,95 

High  magnetic  field  gradient  can  also  be  achieved  through  the 
alternating  arrangement  of  magnetic  dipoles  (Figure  7c).96’9 
This  configuration  creates  near  fields  with  their  maxima  tightly 
confined  on  top  of  each  dipole.  Analytical  modeling ,s  showed 
that  the  field  is  indeed  short-ranged,  decaying  exponentially  away 
from  the  dipoles.  The  leading  term  in  the  field  magnitude  is 
written  as 
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cos  — X  cos 
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—y 
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where  a  is  the  pitch  between  adjacent  dipoles  and  Bd  is  the  field 
from  a  single  dipole.  Equation  3  also  shows  that  the  effective 
distance  [~a/(2ls;r)]  of  the  field  reach  can  be  engineered  by 
controlling  a.  Issadore  et  al.  used  a  magnetic  self-assembly  to 


create  the  desired  dipole  arrangement  (Figure  7d):  permanently 
magnetized  materials  tend  to  form  antiparallel  configuration  of 
moments  to  minimize  magnetic  energy.  Specifically,  NdFeB 
grains  were  suspended  polydimethylsiloxane  (PDMS)  polymer, 
and  the  mixture  was  slowly  cured  (~1  h)  to  allow  for  the  self- 
assembly  of  the  NdFeB  grains.  A  microfluidic  channel  (height  50 
//m)  was  then  directly  built  on  top  of  the  cured  magnets  (Figure 
7e).  The  device  had  two  magnetic  sections  for  efficient 
magnetic  capture.  At  the  entry  port,  the  magnetic  layer  was  made 
of  bigger  NdFeB  particles  (a  a  125  //m).  This  layer  thus  created  a 
magnetic  field  that  extended  throughout  the  microfluidic  channel 
height.  Further  along  the  channel,  the  grain  size  was  reduced  (a  » 
8  //m)  to  firmly  trap  magnetic  objects.  The  device  was  used  to 
enrich  circulating  tumor  cells  in  blood  by  immunomagnetically 
depleting  leukocytes  (Figure  7f).  The  operation  enriched  the 
population  of  tumor  cells  to  leukocytes  by  a  factor  of  >103.  The 
recovery  ratio,  the  fraction  of  tumor  cells  that  pass  through  the 
system,  was  ~90%. 

2.2. 7.2.  In-Flow  Separation  Device.  In-flow  separation  is 
achieved  by  applying  magnetic  fields,  typically  perpendicular  to 
the  direction  of  the  fluidic  flow.'’ '  The  magnetic  force  changes 
the  trajectories  of  magnetically  labeled  targets  along  the  stream 
lines,  continuously  separating  target  objects  from  others  whose 
trajectories  remain  unaffected.  This  scheme  has  a  less  stringent 
requirement  for  high  field  gradients,  a  necessity  in  the  retention 
systems,  and  potentially  affords  higher  throughput  operation. 
The  device  by  Inglis  et  al.  used  microfabricated  Ni  lines  for  cell 
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Figure  6.  Diamond-based  magnetometer,  (a)  Structure  of  nitrogen  (N)  and  vacancy  (V)  inside  a  diamond  lattice.  C,  carbon.  The  blue  and  orange 
arrows  indicate  the  electron  and  nitrogen  nuclear  spins,  respectively,  (b)  Energy  state  diagram.  The  N— V  center  has  a  spin-triplet  ground  state  (3A2) 
with  a  2.87  GHz  zero-field  splitting  between  the  ms  =  0  and  ms  =  ±1  spin  states.  Optical  excitation  (532  nm)  produces  the  excitation  state  (3E)  which 
decays  back  to  the  ground  state  by  emitting  a  photon  (638—800  nm  wavelength).  The  ms  =  0  spin  state  has  a  stronger  fluorescence  than  the  ms  =  ±1 
states,  because  the  ms  =  ±1  excited  states  also  decay  nonradiatively  via  metastable  singlet  states.  When  an  external  field  (B0)  is  applied,  the  ms  =  ±  1  states 
are  split  by  2 yB0,  where  y  is  the  gyromagnetic  ratio  of  the  N— V  electronic  spin,  (c)  Optically  detected  magnetic  resonance  spectra  for  a  single  nitrogen- 
vacancy.  The  splitting  between  w1  and  w2  is  linearly  proportional  to  B0.  (d)  Detection  of  magnetotactic  bacteria  with  a  N— V  diamond  sensor.  Left  top 
and  bottom  images  are  from  optical  microscopy  and  scanning  electron  microscopy  (SEM),  respectively.  Measured  magnetic  field  projections  of  the 
bacterium  along  the  x  (Bx),  y  (By),  and  z  axes  (B.)  are  shown  in  the  top  row.  The  bottom  row  shows  simulated  magnetic  field  projections,  assuming  that 
MNP  locations  match  those  in  the  SEM  image.  Reproduced  with  permission  from  refs  70,  73,  and  75.  Copyright  2008,  2012,  and  2013  Nature 
Publishing  Group. 


separation.8'  Unlike  the  trapping  system  (Figure  7a),  the  Ni  lines 
were  aligned  at  an  angle  6  to  the  flow  direction.  The  net  force  on 
a  magnetic  object  is  the  vector  sum  of  the  magnetic  force  (Fm) 
and  the  drag  force  (Fd;  Figure  8a).  If  the  Fd  component 
perpendicular  to  the  Ni  lines  is  smaller  than  Fm,  the  object  will 
flow  along  the  Ni  lines,  altering  its  direction  in  flow)  The 
criterion  for  such  events  is  IFdl  sin  6  <  Fm;  balanced  control  on  the 
fluidic  flow  is  thus  important.  This  device  was  used  to  separate 
MNP-labeled  leukocytes  from  whole  blood  (Figure  8b).  The 
concept  has  been  further  extended  for  differential  sorting.'3  With 
a  set  of  magnetic  wires,  each  inclined  at  a  different  angle  6, 
multiple  targets  could  be  sorted  according  to  their  magnetic 
moments. 

By  using  Y-shaped  fluidic  devices,  samples  can  be  separated 
without  touching  the  magnetic  structures.  These  devices  have 
separate  fluidic  ports  for  introducing  the  sample  and  buffer 
solution;  flow  injection  generates  two  laminar  streams  inside  the 
fluidic  channel.  The  magnets  are  located  on  the  buffer  side  to  pull 
MNP-labeled  targets  and  collect  them  on  the  buffer  outlet.  As  the 
magnets  are  detached  from  the  fluidics,  the  system  is  easy  to 
manufacture  and  cost-effective.  The  magnetic  force  can  also  be 
controlled  in  situ  by  changing  the  magnet  position.  Extending 
from  this  simple  design,  Kang  et  al.  developed  a  blood-cleansing 
system  that  removed  MNP-labeled  pathogens  from  blood 


(Figure  8c). 100  This  fluidic  system  mimicked  the  architecture 
of  a  spleen,  consisting  of  two  fluidic  channels  interconnected 
with  a  series  of  open  slits:  one  channel  functioned  as  an  arterial 
vessel  for  blood  flow,  and  the  other  contained  slow-flow  saline 
buffer,  acting  like  venous  sinusoids.  Bacteria  targets  were  labeled 
by  MNPs  conjugated  with  an  engineered  human  opsonin 
(mannose-binding  lectin)  that  captures  a  broad  range  of 
pathogens  (Figure  8c,  inset).  Under  a  continuous  flow,  MNP- 
labeled  bacteria  were  removed  into  the  venous  channel  through 
the  magnetic  pulling.  The  device  achieved  a  high  separation 
efficiency  (>90%)  with  the  flow  rate  reaching  up  to  1.25  L/h. 

2.2.2.  Magnetic  Manipulation  System.  Magnetic  manip¬ 
ulation  is  an  elegant  micromanipulation  strategy  to  transport 
single  cells  or  other  small  objects  to  desired  locations  through 
dynamic  control  of  the  magnetic  fields.  Lithographically 
patterned  electromagnets  are  widely  used  as  a  field  source,  and 
can  provide  fine  spatiotemporal  resolution  in  field  control.  A 
planar  coil  is  the  most  efficient  geometry,  as  it  can  concentrate 
the  magnetic  flux.  The  field  strength  produced  by  electro¬ 
magnets,  however,  is  much  weaker  than  that  by  permanent 
magnets.  Most  magnetic  manipulation  is  thus  performed  under 
static  conditions,  i.e.,  without  flow. 

Several  different  types  of  devices  have  been  reported  for 
magnetic  manipulation.79'81’85'  1,101  In  particular,  advanced  IC 
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Figure  7.  Magnetic  retention  devices,  (a)  Magnetic  wire  system.  The  separation  chamber  is  optically  transparent,  but  has  ferromagnetic  lines  of  nickel 
(Ni)  deposited  by  lithography.  The  spacing  between  these  lines  is  approximately  the  diameter  of  one  white  blood  cell.  When  the  chamber  is  placed 
between  two  angular-shaped  magnets,  the  field  gradients  from  the  external  magnets  force  the  magnetically  labeled  cells  upward  to  the  top  of  the 
chamber.  When  the  cells  are  in  close  proximity  to  Ni  line,  they  are  subjected  to  a  high  local  gradient  induced  by  the  Ni  lines,  (b)  The  device  in  (a)  was 
used  to  capture  leukocytes  that  were  labeled  with  CD45-specific  MNPs.  Because  cells  are  aligned  on  the  edge  of  Ni  lines  and  counterstained  with 
acridine  orange,  they  can  be  easily  observed  by  a  microscope,  (c)  Alternating  magnetic  dipoles.  This  configuration  creates  magnetic  fields  that  are  tightly 
confined  on  the  device  surface,  (d)  When  magnetic  materials  are  allowed  to  self-assemble,  the  magnetic  moments  align  into  a  similar  pattern  as  in  (c). 
The  magnetic  structure  can  easily  cover  the  entire  fluidic  path  to  increase  the  throughput  and  the  capturing  efficiency,  (e)  A  prototype  device  was 
implemented  that  consisted  of  self-assembled  layers  of  125  //m  grain  (close  to  inlet)  and  8  fim  grain  of  NdFeB  powder,  (f)  A  suspension  of  leukocytes 
(stained  green)  and  tumor  cells  were  incubated  with  a  mixture  of  magnetic  beads  conjugated  with  anti-CD45  antibodies  and  fluorescent  antibodies 
against  the  tumor  (anti-HER2/neu).  The  suspension  was  then  flowed  through  the  magnetic  device  shown  in  (e).  Fluorescence  micrographs  show  the 
enrichment  of  tumor  cells  after  the  negative  selection  of  leukocytes.  The  initial  concentration  of  tumor  cells  to  leukocytes  was  1:10.  Reproduced  with 
permission  from  ref  90.  Copyright  1999  Nature  Publishing  Group.  Reproduced  with  permission  from  ref  97.  Copyright  2011  RSC  Publishing. 


chips  have  been  developed  by  applying  the  CMOS  technology  in 
device  fabrication.  For  example,  Dupont  et  al.  implemented  a 
linear  array  of  microcoils  integrated  with  optical  detectors  (single 
photon  avalanche  diodes)  at  the  center  of  each  coil,  which 
allowed  for  on-chip  manipulation  and  detection  of  individual 
magnetic  particles  (Figure  9a). so  Lee  et  al.  implemented  an  IC 
chip  containing  a  matrix  of  microcoils,  current  sources,  and 
control  electronics  (Figure  9b);  the  device  was  used  to  control 
the  motion  of  individual  biological  cells  with  microscopic 
resolution.1 

Fluidic  droplets  represent  another  technology  used  for 
magnetic  manipulation.  In  this  strategy,  droplets  are  formed  by 
encapsulating  aqueous  solution  of  MNPs  in  mineral  oil. 
Magnetic  particles  serve  a  dual  function,  both  as  a  force  mediator 
and  as  a  solid  substrate  for  biochemical  reaction.  By  using  a  two- 
dimensional  microcoil  array,  implemented  in  a  printed  circuit 
board,  Lehmann  et  al.  moved  a  droplet  through  a  sequence  of 
buffer  solutions  to  purify  DNA  from  cell  lysates.10  ’  Pipper  et  al. 
introduced  a  POC  device  for  avian  flu  detection  (Figure  9c),  by 
combining  magnetic  actuation  with  on-chip  polymerase  chain 
reaction  (PCR).1  In  this  system,  the  magnetic  droplets  were 
manipulated  by  moving  the  permanent  magnet.  Sequential 


processes  were  performed  on-chip,  including  viral  RNA  isolation, 
purification,  proconcentration,  and  further  amplification  through 
real-time  reverse  transcription  PCR  (RT-PCR).  Because  of  the 
small  sample  volume  (<50  //L),  the  assay  benefited  from  fast 
diffusion  and  low  thermal  mass,  enabling  the  entire  procedure  to 
be  completed  in  less  than  30  min. 

Magnetic  manipulation  was  also  employed  to  perform  key 
steps  in  diagnostic  assays.1  ~~  For  example,  the  Magnetotech 
sensor  (Philips)  used  magnetic  actuation  to  speed  up 
immunomagnetic  detection  (Figure  9d).lf  In  this  system,  a 
pair  of  electromagnets  sandwiched  a  microfluidic  cartridge  whose 
surface  was  functionalized  with  antibodies.  Samples  and 
immunomagnetic  particles  were  mixed  and  injected  to  the 
cartridge.  Activating  the  bottom  electromagnet  concentrated 
magnetic  particles  to  the  sensor  surface,  accelerating  their 
binding  kinetics  to  the  surface.  Subsequently,  the  top  electro¬ 
magnet  was  turned  on  to  remove  free  and  nonspecifically  bound 
particles  (magnetic  wash).  The  final  particle  binding  to  surface 
was  optically  readout  through  reflection  measurements. 
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Figure  8.  In-flow  magnetic  separation  devices,  (a)  An  array  of  magnetic 
lines  is  used  to  divert  the  trajectory  of  magnetic  objects  in  flow.  The 
magnetic  lines  are  magnetized  out  of  plane,  and  aligned  at  an  angle  6 
with  respect  to  the  flow  direction.  The  net  force  on  the  object  is  the 
vector  sum  of  the  in-plane  magnetic  force  (Fm)  and  the  fluid  drag  force 
(Fd).  (b)  Time  lapse  image  showing  a  single  magnetically  tagged 
leukocyte.  Red  blood  cells  on  the  left  are  from  a  single  image.  The 
leukocyte  tracks  a  magnetic  line  oriented  at  an  angle  of  9.6°  to  the  fluidic 
flow  (white  arrow),  (c)  A  two-channel  microfluidic  device  to  separate 
MNP-labeled  bacteria  in  blood.  The  device  mimics  the  structure  of  the 
spleen  by  incorporating  a  high-flow  vascular  arterial  channel 
interconnected  by  open  slits  to  a  parallel  low-  or  intermittent-flow 
venous  sinusoid  channel.  Magnetic  particles  are  mixed  with  blood 
sample  to  label  pathogens  (inset),  and  the  mixture  is  introduced  to  the 
arterial  channel.  Reprinted  with  permission  from  ref  86.  Copyright  2004 
American  Institute  of  Physics.  Reprinted  with  permission  from  ref  100. 
Copyright  2014  Nature  Publishing  Group. 


3.  KEY  MAGNETIC  PROPERTIES  OF  MAGNETIC 
NANOPARTICLES 

Table  1  compares  key  magnetic  properties  required  for  different 
detection  modalities.  The  most  important  MNP  property  is  the 
magnetic  moment  (mp).  The  utilities  of  MNPs  are  generally 
commensurate  with  their  magnetic  moment  (mp),  because 
higher  mp  can  result  in  larger  force  and  more  pronounced 
detection  signals.  mp  is  a  product  of  the  magnetization  (M)  and 
the  particle  volume  (V).  Significant  efforts  thus  have  been  made 
to  synthesize  large  MNPs  using  magnetically  stronger  materials. 
3.1.  Saturation  Magnetization 

When  a  magnetic  material  has  nd  atomic  magnetic  dipoles  per 
unit  volume  and  each  dipole  has  the  magnetic  moment  md,  the 
saturation  magnetization  M0  is  defined  as  M0  =  nd-md.  This  value 
is  an  unique  material  property,  and  sets  a  maximum  M  achievable 
for  a  given  magnetic  material.  Table  2  lists  the  bulkM0  values  of 
representative  magnetic  crystals.109  Element  iron,  cobalt,  and 
doped  ferrite  are  the  most  widely  used  MNP  constituents,  as  the 
material  assumes  high  M0  and  can  be  synthesized  into  MNPs. 
Magnetization  of  MNPs  increases  with  particle  size,  because  the 
surface  effect  (e.g.,  spin-canting)  is  reduced  in  larger  particles 
(Figure  10a).  The  saturation  magnetization  of  MNPs,  however, 
is  generally  smaller  than  that  of  bulk  material,  since  the  high 
surface  energy  of  MNPs  can  hinder  the  perfect  alignment  of 
atomic  magnetic  dipoles.11  '  1  For  a  spherical  MNP,  its 


saturation  magnetization  (Mp)  can  be  estimated  as  Mp  =  M0[(r 
—  A)/r]3,  where  M0  is  the  saturation  magnetization  of  the  bulk 
material,  r  is  the  particle  radius,  and  A  is  the  thickness  of 
magnetically  frustrated  (spin-canting)  surface  layer.11-  The 
surface  effect  can  be  reduced  by  modifying  the  particle  shape. 
For  example,  cube-shaped  MNPs  were  shown  to  have  larger  Mp 
values  than  spherical  ones  with  the  same  magnetic  volume, 
because  more  magnetic  dipoles  can  align  parallel  in  the  cubic 
geometry  (Figure  10b).113,  14 

3.2.  Superparamagnetism 

A  unique  feature  of  MNPs  is  the  paramagnetic  behavior  of  an 
ensemble  of  MNPs,  termed  superparamagnetism.1 13  Individual 
MNPs  have  a  single  magnetic  domain  with  the  magnetization 
aligned  in  a  particular  direction  defined  by  magnetic  anisotropy. 
Flowever,  thermal  energy  can  activate  the  random  reversal  of 
magnetization  over  the  anisotropy  barrier.11  Without  external 
magnetic  fields,  an  ensemble  of  MNPs  display  negligible  remnant 
magnetic  moments,  but  the  magnetic  moments  grow  with 
increasing  external  magnetic  fields.  This  property  is  critical  in 
both  magnetic  sensing  and  actuation,  as  (i)  MNPs  can  be  stably 
suspended  in  solution  without  aggregation  to  enhance  their 
labeling  efficiency,  and  (ii)  MNP-labeled  biological  targets,  once 
collected  by  external  magnets,  can  be  released  by  removing  the 
external  fields. 

The  superparamagnetism  is  highly  dependent  on  the  particle 
size.  When  the  external  magnetic  field  is  removed,  the  average 
magnetic  moment  of  a  MNP  relaxes  to  zero  through  thermal 
fluctuation.  The  corresponding  relaxation  time  (%)  is  estimated 
by  the  Neel— Brown  model: 


tn  =  Tfl  exp 


KV 

k^T 


(4) 


where  r0  is  a  time  factor  on  the  order  of  10-9  s,  K  is  the  anisotropy 
energy  constant  of  the  material,  kB  is  the  Boltzmann  constant, 
and  T  is  the  temperature.  MNPs  are  considered  super- 
paramagnetic  when  rN  <  102  s  at  room  temperature,  and  this 
condition  sets  the  maximum  particle  size  ( V  =  25 kBT/K)  for 
superparamagnetism  (Table  2).11"  These  values,  however, 
represent  a  general  guideline,  as  many  factors  can  affect  the 
relaxation  behavior  of  MNPs.  For  examples,  the  anisotropy 
energy  constant  is  affected  by  the  particle  size  and  shape,114’  19 
magnetic  interaction  among  particles  could  lock  their  magnetic 
moments,  and  electrical  charges  on  the  particle  surface  can  exert 
repulsive  force  to  effectively  increase  the  interparticle  distance. 
Importantly,  MNPs  in  suspension  can  lose  their  effective 
moment  through  another  route,  the  Brownian  relaxation.  For  a 
particle  with  a  hydrodynamic  volume  Vh,  the  Brownian  relaxation 
time  is  given  by 

3'/Vh 

Tr  =  - 

hT  (5) 

where  (7  is  the  fluid  viscosity.04  Since  the  magnetic  moments  can 
relax  through  either  of  these  independent  mechanisms,  the 
effective  relaxation  rate  is  given  as  l/%  +  1/tb.  The  effective 
relaxation  time  (r)  of  MNPs  is  therefore1-0 


fN  +  fB  (6) 


Note  that  z  a  rB  for  larger  MNPs,  as  rN  is  increasing  more  rapidly 
than  tb  with  the  particle  size  (Figure  11a). 
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Figure  9.  Magnetic  manipulator,  (a)  A  linear  array  of  microcoils  is  implemented  in  a  CMOS  chip.  Underneath  the  center  of  each  coil,  a  single-photon- 
avalanche  diode  (SPAD,  inset)  is  placed  to  detect  magnetic  beads.  Using  the  combined  actuation  of  adjacent  coils,  a  single  bead  can  be  positioned  over  a 
SPAD.  (b)  A  two-dimensional  matrix  of  microcoils  is  integrated  in  a  CMOS  chip  along  with  current  sources  and  control  electronics.  Through  dynamic 
control  of  electrical  current  in  each  coil,  versatile  magnetic  field  patterns  can  be  created  to  trap  and  move  magnetic  objects  at  micrometer  resolutions,  (c) 
Magnetic  droplet  system.  A  droplet  (Sa,  100  //L)  containing  biological  specimen,  magnetic  particles,  and  reagents,  is  manipulated  by  a  permanent 
magnet  (M).  The  droplet  goes  though  a  series  of  mixing,  splitting,  merging,  and  washing  processes  to  extract  RNA  from  virus.  Target  RNA  is  then 
amplified  on  chip  via  RT-PCR  PCB,  printed  circuit  board;  G,  perfluorinated  glass  substrate;  T,  (one  of  four  donut-shaped)  miniaturized  thermo  cycler; 
W1  and  W2,  washing  solutions;  R,  RT-PCR  mixture  covered  by  mineral  oil.  (d)  Magnetic  actuation  is  exploited  to  facilitate  diagnostic  assays,  (left)  A 
fluidic  reaction  chamber  is  placed  between  a  pair  of  electromagnets.  A  sandwich-type  immunoassay  with  magnetic  particles  is  performed,  and  the 
analytical  signal  is  optically  readout,  (right)  Assay  procedure.  By  sequentially  actuating  the  electromagnets,  the  immunomagnetic  particles  are 
concentrated  to  the  sensor  surface  for  binding,  and  excess  and  weakly  bound  particles  are  removed.  Reprinted  from  ref  80.  Copyright  2010  American 
Chemical  Society.  Reprinted  with  permission  from  ref  102.  Copyright  2007  RSC  Publishing.  Reprinted  with  permission  from  ref  104.  Copyright  2007 
Nature  Publishing  Group.  Reprinted  with  permission  from  ref  108.  Copyright  2009  RSC  Publishing. 


Table  1.  Comparison  of  Magnetic  Sensors 


disease  detection  commercial 


mode 

sensor  type 

key  MNP  requirement 

detection  limit 

(demonstrated) 

note 

partner 

volumetric 

detection 

//NMR 

high  transverse  relaxivity 

single  bacterium; 

~10  mammalian  cells; 

cancer;  infection; 
metabolic  disorders 

versatile;  portable  device  or 
desktop  system 

T2BioSystems 

~10  pM  proteins 

magnetic 

susceptometer 

Brownian  relaxation; 
colloidal  stability; 
monodispersity 

~1  pM  DNA 
(PCR-amplified) 

infection 

limited  to  soluble  targets;  low 
sensitivity;  desktop  system 

DynoMag 

surface 

sensor 

GMR 

high  magnetic  moment; 
colloidal  stability 

~5  fM  proteins 

cancer;  cardiovascular 
disease 

limited  to  soluble  targets; 
portable  device 

MagArray 

^Hall 

high  magnetic  moment 

single  cell;  single  bacterium 

cancer;  infection 

CMOS  compatible;  lower 
sensitivity  than  GMR;  portable 
device 

N— V  diamond 

high  magnetic  moment 

single  MNP 

cancer;  infection 

highest  sensitivity;  exploratory 
phase;  desktop  system 

magnetic 

actuation 

optical  sensor 

high  magnetic  moment 

~1  pM  proteins 

controlled  substance; 
cardiovascular 

limited  to  soluble  targets; 
portable  device 

Philips 

disease 


3.3.  Average  Magnetic  Moment  For  a  MNP  population  with  a  size  distribution  /(r),  the 

magnetic  moment  of  MNPs  is  obtained  through  a  size-weighted 
At  a  given  temperature  and  under  an  external  magnetic  induction  ensemble  averaging* 121 


field  ( B0 ),  the  magnetization  of  superparamagnetic  MNPs  can  be 
expressed  using  the  Langevin  function1  l  s 


/oo  n  oo 

Mavg V/M  drl/[ Jo  f(r)  drl 


(8) 


M 


avg 


M, 


coth 


MpVBoi 


MpVBpY 

hT  J 


At  low  external  magnetic  fields  (<0.1  T),  the  magnetization  of 
MNPs  is  linearly  proportional  to  the  external  fields.  The  direct 
current  (dc)  volume  magnetic  susceptibility  %0  for  a  mono- 
(7)  disperse  MNPs  is  given  as 
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Table  2.  Magnetic  Properties  of  Selected  Magnetic  Crystals 


material 

saturation  magnetization41  (kA-m  *) 

anisotropy  constant*7  (kj-m  3) 

dspc  (nm) 

Fe 

1752 

42 

17 

Co 

1446 

410 

8 

Ni 

510 

-5.8 

32 

Fe304 

510 

-11 

26 

CoFe204 

475 

180 

10 

MnFe204 

560 

-2.8 

41 

NiFe204 

300 

-5.1 

33 

aBulk  values  at  T  =  0  K.  Adopted  from  ref  109.  ^The  first  order  anisotropy  constant  at  room  temperature.  Adopted  from  ref  118.  Calculated 
maximum  diameter  for  spherical  superparamagnetic  MNPs. 
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Figure  10.  Size  and  shape  dependent  magnetization,  (a)  As  the  particle 
size  increases,  the  relative  effect  of  canted  spins  on  the  particle  surface 
decreases,  which  results  in  an  increase  of  net  magnetization.  The 
thickness  of  the  scanted  spin  layer  is  ~0.9  nm  for  spherical  Fe304  MNPs. 
(b)  Cubic  MNPs  assume  higher  saturation  magnetization  than  spherical 
particles,  because  the  cubic  geometry  allows  more  spins  to  align  in  the 
same  direction  of  the  applied  magnetic  fields.  Reproduced  from  refs  111 
and  114.  Copyright  2011  and  2012  American  Chemical  Society. 


X0 


^0Mavg 


B0-»0 


3fcBT 


(9) 


where  )A0  is  the  magnetic  permeability  of  vacuum.  For  a  MNP 
population,  /avg  is  obtained  by  ensemble-averaging  /o- 

3.4.  ac  Magnetic  Susceptibility 

When  subjected  to  alternating  current  (ac)  magnetic  fields, 
MNPs  may  show  delayed  response  due  to  the  finite  rate  of 
magnetization  changes.  This  property  can  be  modeled  by  a 
complex  magnetic  susceptibility,  %  =  X'  +  I lX"  >  where  %'  and  %" 
respectively  denote  the  in-phase  and  the  out-of-phase 
components  with  respect  to  the  ac  field.  For  MNPs  with  the 
dc  susceptibility  of  /o  and  the  effective  relaxation  time  r  4 


1  +  (cot)2  (10) 


and 


_  X0Q}^ 

1  +  (cot)2 


(11) 


where  co  is  the  frequency  of  the  applied  field  (Figure  lib).  Note 
that  x"  has  its  maximum  when  co  =  t-1j  the  shift  in  the  peak 
frequency  thus  can  be  exploited  to  measure  specific  binding  of 
target  molecules  to  MNPs  (section  2.1.2). 

The  out-of-phase  component  %"  also  has  significant 
implications  in  magnetic  fluid  hypothermia,  as  it  represents  the 
energy  loss  through  magnetic  relaxation.  With  the  external  field 

strength  H0,  the  specific  loss  power  (P)  for  monodisperse  MNPs 

u  122 

is  given  by 


(12) 


To  achieve  maximum  heating,  MNPs  should  be  monodisperse 
at  the  optimum  particle  size,  satisfying  co  =  t-1. 

3.5.  Relaxivity 

In  NMR-based  sensing,  the  most  important  MNP  property  is  the 
relaxivity.  When  placed  in  an  external  field,  each  MNP  creates  a 
local  magnetic  field,  which  efficiently  destroys  the  coherence  in 
the  spin— spin  relaxation  of  water  protons.  The  net  effect  is  a 
shortening  of  the  longitudinal  (Tv  spin— lattice)  and  transverse 
(T2,  spin— spin)  relaxation  of  NMR  signal.123'124  The  capacities 
of  MNPs  to  decrease  T2  and  T,  are  respectively  defined  as  the 
transverse  (r2)  and  the  longitudinal  (rj  relaxivities.  MNPs  are 
mainly  used  as  a  T2-modulating  agent,  because  r2  >  r1.125  MNPs 
with  higher  r2  are  desirable  to  improve  the  detection  sensitivity. 

The  r2  values  increase  with  the  particle  size  (r)  and  the 
magnetization  (_Mp).  The  relationship,  however,  follows  a 
different  scaling  law,  depending  on  the  particle  size.  When 
particles  are  small  (e.g.,  r  <  13  nm  for  MnFe204  MNPs  at  the 
NMR  frequency  20  MHz),  the  diffusional  motion  of  water 
molecules  is  fast  enough  to  average  out  the  magnetic  fields 
produced  by  MNPs.  In  this  regime,  called  motional  averaging, 
the  r2  value  (per  metal)  is  proportional  to  Mp2Td.1-1’  With  Td  ~  r2/ 
D,  where  D  is  the  diffusion  coefficient,  rd  signifies  the  duration 
when  water  protons  are  under  the  influence  of  a  MNP.  As  rd 
increases  further  with  growing  particle  size,  the  averaging  effect 
diminishes  and  MNPs  appear  to  water  protons  as  randomly 
distributed,  stationary  objects.1-  The  corresponding  relaxation 
mechanism,  known  as  static  dephasing,  predicts  that  r2  relaxivity 
is  only  proportional  to  Mp. 

Figure  11c  shows  the  measured  r2  values  of  MnFe204 
MNPs.1-  With  increasing  particle  size,  the  observed  r2  increased 
as  predicted  by  the  motional  averaging  relaxation.  Further 
improving  r2  in  a  single-core  particle  format,  however,  turned  out 
challenging,  as  the  particles  became  nonsuperparamagnetic  and 
no  longer  stable  in  suspension.  Yoon  et  al.  took  an  alternative 
approach  by  assembling  small  MNPs  into  a  single  multicore 
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Figure  11.  Different  magnetic  relaxation  modes,  (a)  An  ensemble  of  MNPs  in  solution  can  lose  net  magnetic  moments  through  Neel  and  Brownian 
relaxation  mechanisms.  The  Neel  relaxation,  namely  the  spontaneous  flipping  of  magnetic  moments  inside  a  particle,  is  dominant  for  small  MNPs.  The 
Brown  relaxation,  caused  by  the  physical  rotation  of  particles,  takes  over  as  the  particle  size  increases.  Shown  here  are  the  Neel  (tn)  and  the  Brownian 
(tb)  relaxation  times  calculated  for  Fe304  MNPs  with  5  nm  surface  coating.  The  effective  relaxation  time  (r)  can  be  obtained  from  1/t  =  1/tn  +  1/tb.  (b) 
The  alternating  current  (ac)  magnetic  susceptibility  has  two  components:  the  in  phase  and  the  90°  out  of  phase  with  respect  to  the  ac  excitation  source. 
The  out-of-phase  component  has  its  maximum  when  the  excitation  frequency  is  close  to  the  relaxation  time  of  the  particle,  (c)  In  the  NMR  detection, 
MNPs  accelerate  the  transverse  relaxation  of  !H  signal.  The  transverse  relaxivity  (r2)  is  the  capacity  of  MNPs  to  shorten  the  transverse  relaxation  time. 
The  r2  values  of  single  and  multicore  MnFe204  MNPs  were  measured.  While  the  r2  values  of  single  core  MNPs  increased  steeply  with  increasing  particle 
size  (^r2),  the  r2  values  for  multicore  MNPs  showed  little  dependence  on  particle  size  (~r°).  Theoretical  modeling,  based  on  motional  averaging  and 
static  dephasing,  accurately  describes  the  observed  r2  behavior  (dotted  lines):  due  to  their  small  particle  size,  single-core  MNPs  are  in  the  motional 
averaging  regime  (blue  line),  whereas  multicore  MNPs  fall  into  the  static  dephasing  regime  (horizontal  red  line). 
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Figure  12.  Synthesis  of  core  MNPs.  (a)  Representative  structure  of  a  MNP.  (b)  Crystal-growth  diagram.  When  the  monomers  are  supersaturated  and 
exceed  the  nucleation  concentration,  seed  nucleation  is  induced  and  monomers  are  continuously  aggregated  onto  the  seeds,  leading  to  crystal  growth. 
Cnuc,  nucleation  concentration;  Csat,  saturation  concentration,  (c)  Comparison  of  coprecipitation  and  nonhydrolytic  thermal  decomposition  methods. 
The  coprecipitation  method  results  in  kinetically  favored  MNPs  which  generally  have  a  polydisperse  size  and  relatively  low  crystallinity.  Conversely,  the 
thermal  decomposition  method  produces  thermodynamically  stable  MNPs  with  a  monodisperse  size  and  high  crystallinity.  Examples  of  transmission 
electron  microscope  (TEM)  images  of  MNPs  synthesized  by  coprecipitation  (MION,  Feridex,  Resovist)  or  thermal  decomposition  methods  (doped 
ferrite,  cannonball,  FePt)  are  shown.  Reprinted  with  permission  from  ref  155.  Copyright  2014  Nature  Publishing  Group.  Reprinted  with  permission 
from  ref  175.  Copyright  2012  American  Institute  of  Physics.  Reprinted  from  ref  216.  Copyright  2004  American  Chemical  Society. 
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particle.1”1'  Such  a  configuration,  akin  to  that  of  magnetic  beads, 
allowed  particles  to  remain  superparamagnetic,  while  further 
increasing  r2  through  the  static  dephasing  relaxation  mechanism. 
Indeed,  the  r2  values  of  multicore  particles  were  higher  than  those 
of  single-core  MNPs,  and  could  be  fitted  to  the  static  dephasing 
model. 

4.  SYNTHESIS  OF  CORE  MAGNETIC  NANOPARTICLES 

MNPs  are  typically  consisted  of  a  magnetic  core,  surface  coating, 
and  versatile  targeting  molecules  at  the  surface  (Figure  12a). 
Cores  can  be  produced  from  various  materials  and  have  a 
controlled  size,  shape,  and  crystallinity.'  ,1_  1  133  Generally,  core 
MNPs  are  either  made  of  pure  metals  (e.g.,  Co,  Fe,  and 
Ni)134-139  or  their  oxides.134'140-142  Transition-metal-doped 
oxides  and  metal  alloys,  including  CoPt3,  FePt,  and  FeCo,  are 
also  good  candidates.14  '  14  Among  this  variety  of  core  MNP 
libraries,  iron-based  MNPs  are  considered  to  be  one  of  the  most 
attractive  candidates  for  biological  application,  owing  to  their 
biocompatibility.1'  In  particular,  iron  oxide  MNPs  are 
degraded  into  nontoxic  iron  and  oxygen  components,  and  their 
utilization  as  magnetic  resonance  imaging  (MRI)  contrast  agents 
has  been  approved  by  the  U.S.  Food  and  Drug  Administration 
(FDA)  and  the  European  Medicines  Agency  (EMA)  at  different 
time  points.150  155  In  this  section,  representative  core  MNPs, 
including  ferrite-based  MNPs,  elemental  iron-based  MNPs,  and 
iron-based  bimetallic  alloy  MNPs  and  their  synthetic  methods, 
will  be  discussed. 

4.1.  Ferrite-Based  MNPs 

Ferrites  are  complex  magnetic  oxides  derived  from  iron  oxides 
such  as  magnetite  (Fe304)  and  maghemite  (y-Fe203),  that  are 
chemically  combined  with  one  or  more  metallic  elements.1'6  The 
ferrites  have  a  general  composition  of  MFe204,  where  M  is  a 
divalent  transition  metal  cation,  such  as  Co2+,  Mn2+,  Fe2+,  Ni2+, 
and  Zn2+.  Ferrite  MNPs  can  be  produced  by  either  physical  toj> 
down  approaches  or  chemical  bottom-up  strategies.157’1  8 
However,  the  latter  are  more  adequate  for  producing  high- 
quality  MNPs  with  a  controlled  size  distribution  and  uniform 
composition. 132,158,159  A  variety  of  colloidal  chemical  methods, 
including  coprecipitation,  thermal  decomposition,  micelle  syn¬ 
thesis,  hydrothermal  synthesis,  and  electrochemical  synthesis,  are 
directed  at  the  fabrication  of  MNPs.1'  This  section  will  focus  on 
the  coprecipitation  and  thermal  decomposition  synthesis 
because  they  are  the  most  relevant  methods  for  preparing 
MNPs  for  POC  applications.  The  former  results  in  biocompat¬ 
ible  MNPs  for  in  vivo  use,  and  the  latter  results  in  highly 
monodisperse  MNPs  with  high  magnetic  properties,  which  are 
generally  used  for  in  vitro  applications.  Other  synthetic  methods 
have  been  reviewed  by  Laurent  et  al.159 

4.1.1.  Coprecipitation  Method.  Ferrite  MNPs  are 
synthesized  by  the  coprecipitation  of  stoichiometric  amounts 
of  ferrous  (Fe2+)  and  ferric  (Fe3+)  salts  in  an  alkaline  solution. 
This  technique  is  usually  performed  in  the  presence  of  water- 
soluble  surface  coating  materials,  such  as  dextran,160  starch,161 
poly(ethylene  glycol)  (PEG),162  poly(acrylic  acid)  (PAA),16'  or 
poly(vinyl  alcohol)  (PVA),16 4  to  provide  colloidal  stability  and 
biocompatibility  in  situ.  During  this  reaction,  MNPs  are  formed 
by  sequential  reaction  steps,  including  monomer  generation, 
nucleation,  and  growth  (Figure  12b).  According  to  the  LaMer 
mechanism,  a  short  burst  of  nucleation  followed  by  a  slow  growth 
of  particles  without  any  significant  additional  nucleation  is 
required  to  produce  monodisperse  particles.165  Therefore, 
optimizing  the  reaction  conditions  to  achieve  a  complete 


separation  of  the  nucleation  and  growth  process  is  critical  for 
generating  high-quality  MNPs.166  In  coprecipitation  synthesis, 
the  reaction  can  be  controlled  by  adjusting  parameters,  such  as 
the  pH,  ionic  strength,  temperature,  types  of  the  iron  salts,  and 
[Fe2+]/[Fe3+]  ratio.  The  influences  of  these  parameters  on  the 
size  and  magnetic  properties  of  MNPs  have  been  extensively 
explored  in  a  number  of  studies.16  However,  MNPs 
synthesized  by  coprecipitation  usually  have  a  large  size 
distribution  because  the  growth  of  crystal  is  only  governed  by 
kinetic  factors  (Figure  12c).159 

One  unique  ferrite  MNP,  synthesized  by  coprecipitation 
method,  is  monocrystalline  iron  oxide  nanoparticle  (MION), 
which  consists  of  a  3—5  nm  magnetite  and/or  maghemite  core 
surrounded  by  a  biocompatible  surface  coating  material  (i.e., 
dextran).1  MIONs  are  synthesized  following  the  addition  of 
concentrated  base  to  an  aqueous  mixture  of  di-  and  trivalent  iron 
chloride  salts  and  dextran.  The  overall  average  hydrodynamic 
size  of  the  MIONs  usually  falls  within  the  20—45  nm  range. 
Owing  to  the  biocompatible  nature  of  ferrite  and  dextran  surface 
coating  and  adequate  hydrodynamic  size,  MIONs  are  widely 
utilized  as  a  platform  material  for  POC  diagnostics.160’172’1  3 
Several  variations  of  mono-  or  polycrystalline  iron  oxides  have 
been  used  as  MRI  contrast  agents  (e.g.,  Feridex  I.V.,  Combidex, 
and  Resovist;  though  FDA-approved,  some  of  these  products 
have  been  withdrawn  from  the  market  for  commercial 
reasons).1'1'  154,1  4,1  In  the  case  of  one  specific  MION-46, 
the  core  size  is  ~4.6  nm,  the  saturation  magnetization  value  is 
~68  emu  g-1,  and  r1  and  r2  are  16.5  mM”1  s-1  and  34.8  mM”1  s-1 
([Fe],  0.47  T,  37  °C),  respectively.1  2  Therefore,  MIONs 
generate  negative  contrast  and  can  be  effectively  used  to  image 
reticuloendothelial  system  organs,  such  as  the  liver  and  spleen. 

However,  these  ferrite  MNPs  suffer  from  dissociation  of  the 
surface  coating  materials  under  certain  biological  conditions 
because  of  the  weaker  noncovalent  binding  interaction  between 
the  core  ferrite  and  dextran  coating.  To  prevent  such  coating 
dissociation,  MIONs  are  further  treated  with  chemical 
compounds  that  promote  covalent  cross-linkages  between 
surface  dextrans. 1  '  ’  ‘  '  181  Epichlorohydrin  is  often  used  as  a 
cross-linker.  Upon  treatment  with  base,  the  hydroxyl  groups  of 
dextran  are  deprotonated  into  their  anions,  which  act  as 
nucleophiles  in  an  SN2  reaction  with  epichlorohydrin.  Each 
epichlorohydrin  molecule  can  react  with  two  molecules  of 
dextran,  by  SN2  displacement  of  the  chloride  ion  and  by  a  base- 
catalyzed  epoxide  ring  opening  reaction.  These  reactions  finally 
result  in  cross-linked  iron  oxide  nanoparticles  (CLIOs). 
Followed  by  treatment  with  ammonia,  primary  amine  functional 
groups  are  easily  introduced  via  opening  of  the  unreacted  oxirane 
ring  of  epichlorohydrin.  The  primary  amines  on  the  surface  of  the 
nanoparticle  endow  CLIOs  with  an  increased  capacity  for  the 
conjugation  of  multiple  targeting  molecules,  additional  imaging 
agents,  and  therapeutics.1'  Amine-terminated  CLIOs  (CLIO- 
NH2)  have  an  average  hydrodynamic  size  of  25—40  nm, 
approximately  40—80  amines  per  nanoparticle,  and  a  r2  of  50 
mM-1  s-1  [Fe]. 160,1  Their  unique  coating  makes  CLIOs 
biocompatible  and  exceedingly  robust  for  use  in  many 
biomedical  applications.1’”  More  recently,  alternative  carbox- 
ymethyl  dextran  has  been  used  for  MION  coating  because  its 
multiple  carboxyl  groups  exhibit  enhanced  binding  to  the 
surfaces  of  the  MNPs,  which  results  in  much  higher  coating 
stability.  An  example  of  an  FDA- approved  clinical  preparation  is 
ferumoxyol  (Feraheme)  which  can  be  used  not  only  to  treat  iron 
deficiency  but  also  for  MR  imaging.34’153 
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4.1.2.  Nonhydrolytic  Thermal  Decomposition  Method. 

Although  ferrite  MNPs  fabricated  by  the  coprecipitation  method 
are  primarily  used  for  in  vivo  imaging,  the  larger  size  distribution 
and  poor  crystallinity  are  a  limitation  for  their  use  in  POC 
devices.1  88  As  a  result,  nonhydrolytic  thermal  decompositions 
methods  have  been  developed.  In  general,  ferrite  MNPs 
synthesized  by  nonhydrolytic  routes  have  excellent  crystallinity 
and  homogeneous  size  distribution  and  shape  (Figure 
12c)  119'141'1+3/184-186 

Two  different  types  of  organometallic  precursor  systems  can 
be  used:  (i)  single  source  precursors  that  possess  organic  ligands 
and  metal— oxygen  bonds  (e.g.,  iron  cupferronate,  iron 
acetylacetonate,  and  iron  oleate  complexes),  or  (ii)  dual  source 
systems  where  metallic  precursors  and  additional  oxidizers  (e.g., 
(CH3)3NO))  are  introduced  for  controlled  oxidation.  The 
precursors  are  mixed  with  nonhydrolytic  organic  solvents 
containing  stabilizing  surfactants  and  are  then  heated  for  thermal 
decomposition.  As  a  result,  monomers  are  generated  and,  when 
their  concentration  is  above  a  supersaturation  level,  the 
nucleation  and  subsequent  growth  of  crystalline  nanoparticles 
are  induced  (Figure  12b).  The  size  of  MNPs  can  be  finely 
controlled  by  varying  the  reaction  condition,  such  as  the  types  of 
solvent,  heating  rate,  surfactant,  and  reaction  time,  or  by  a  seed- 
mediated  growth  process. 

In  one  typical  study  by  Sun  et  al.,  the  preparation  of 
monodisperse  Fe304  MNPs  with  an  average  size  of  4  nm  (less 
than  10%  standard  deviation)  is  reported.  In  their  study,  iron  (III) 
acetylacetonate  (Fe(acac)3)  precursors  in  phenyl  ether  are 
decomposed  at  a  high  temperature  (260  °C)  in  the  presence  of  a 
mixture  of  surfactants  (oleic  acid  and  oleylamine)  and  reducing 
agent  (l,2-hexadecanediol).18  When  the  reaction  solvent  is 
changed  from  phenyl  ether  (boiling  point  bp  =  258  °C)  into 
benzyl  ether  (bp  =  298  °C),  larger  MNPs  with  a  diameter  of  6  nm 
are  obtained.  The  size  of  the  MNPs  can  be  further  increased  up  to 
20  nm  through  a  seed-mediated  growth  using  3—4  nm  Fe304 
MNPs  as  seeds.  Regardless  of  the  size  of  the  MNPs,  the  heating 
rate  is  an  important  parameter  for  determining  the  size 
distribution  of  the  MNPs.  Typically,  for  highly  monodisperse 
MNPs,  the  mixture  is  first  heated  up  to  200  °C,  and  it  remains  at 
that  temperature  for  some  time  (aging)  and  is  then  finally  heated 
up  to  260—300  °C.  When  the  mixture  is  directly  heated  up  to  a 
reflux  temperature,  the  resultant  MNPs  have  a  wide  size 
distribution  from  4  to  15  nm. 

Cheon  and  colleagues  demonstrated  size-controlled  syntheses 
of  single-crystalline  maghemite  MNPs  by  modulating  the 
amount  and  type  of  surfactants  as  well  as  the  reaction  times.186 
The  size  of  the  synthesized  MNPs  is  increased  from  12  to  50  nm 
by  increasing  the  surfactant-to-metal  precursor  ratio  and  reaction 
time.  When  sufficiently  large  amounts  of  surfactant  are 
introduced,  surfactants  are  reversibly  coordinated  to  the  MNP 
surface,  allowing  for  further  growth.  The  long  reaction  time 
provides  sufficient  opportunity  for  the  Ostwald  ripening  process 
during  which  large  MNPs  grow  larger  at  the  expense  of  smaller 
MNPs.189  The  same  researchers  also  showed  the  surfactant 
effects  on  the  shape  of  MNPs.  The  morphological  structure  of 
maghemite  is  mostly  governed  by  three  surfaces:  (100),  (110), 
and  (ill).  Therefore,  the  shape  can  be  controlled  by  modulating 
the  degrees  of  truncation  along  those  surfaces.  For  example,  at  a 
low  surfactant  concentration,  surfactants  mostly  bind  to  the 
highest-energy  (ill)  surfaces  and  growth  along  the  [ill] 
direction  is  restricted.  The  resulting  (ill)  truncated  MNPs  can 
have  diverse  shapes,  including  sphere,  diamond,  and  prism. 
When  the  surfactant  concentration  increases  significantly,  (ill) 


and  the  next-highest-energy  (110)  surfaces  are  covered  by 
surfactants  providing  hexagon-shaped  MNPs. 

To  produce  highly  monodisperse  MNPs,  Hyeon  et  al.  took 
advantage  of  an  iron  oleate  complex.11  ',184  First,  an  iron  oleate 
complex  (Fe(oleate)3)  is  prepared  by  reacting  iron  chloride  with 
sodium  oleate;  then,  the  complex  is  slowly  heated  up  to  310  °C  in 
the  presence  of  organic  solvent  and  surfactants.  According  to  the 
study,  nucleation  occurs  at  200—240  °C  when  one  oleate  ligand 
is  dissociated  from  Fe(oleate)3  and  growth  occurs  at  about  300 
°C  by  the  dissociation  of  remaining  two  oleate  ligands  from  the 
iron  oleate  complex.  Owing  to  this  nature  of  the  iron  oleate 
complex,  the  nucleation  and  growth  process  can  be  effectively 
separated,  which  is  a  key  requirement  for  preparing  uniformly 
sized  MNPs.  By  modulating  the  decomposition  temperature  and 
aging  time,  the  MNP  size  is  controlled  from  5  to  22  nm. 
Additionally,  all  of  the  MNPs  are  monodisperse  with  a  size 
distribution  of  less  than  4%. 

These  nonhydrolytic  thermal  decomposition  approaches  can 
be  further  extended  to  the  syntheses  of  transition-metal-doped 
ferrite  MNPs  (MFe204,  M  =  Co,  Fe,  Ni,  Mn,  and  Zn)  simply  by 
using  additional  divalent  transition  metal  precursors,  such  as 
M(acac)2  or  MC12  (M  =  Mn,  Fe,  Co,  Ni,  and  Zn). 147,148,185  Such 
substitution  of  Fe2+  into  transition  metals  offers  an  opportunity 
to  precisely  control  the  magnetic  properties  of  ferrite  MNPs  to 
enhance  the  saturation  magnetization.  Ferrite  MNPs  have  an 
inverse  spinel  crystal  structure  with  the  oxygen  anions  arranged 
in  a  face-centered  cubic  lattice.1  °  The  tetrahedral  (Tj)  sites  are 
occupied  by  Fe3+  ions,  and  octahedral  (O/,)  sites  are  filled  with 
Fe3+  and  Fe2+  ions.  The  magnetic  spins  of  the  metal  ions  at  the  O;, 
sites  align  parallel  to  each  other,  while  they  align  antiparallel  to 
those  at  the  Td  sites.  Therefore,  each  magnetic  spin  of  one 
octahedral  Fe3+  and  the  other  tetrahedral  Fe3+  is  canceled  out, 
and  only  the  magnetic  spins  of  octahedral  Fe2+  with  a  high  spin  d6 
configuration  induce  a  total  magnetic  moment  per  unit  of  4  fiB 
(Bohr  magneton;  9.27  X  10_24J/T).14  ,19°  In  this  sense,  it  is 
possible  to  control  the  net  magnetic  moment  by  replacing 
octahedral  Fe2+  with  divalent  transition  metal  ions. 

Following  the  report  on  the  syntheses  of  monodisperse  metal- 
doped  ferrite  MNPs  by  Sun  et  al.,18'  Lee  et  al.  demonstrated  the 
dopant  effects  on  magnetism  of  MNPs.14  A  series  of  12  nm 
metal-doped  ferrite  MNPs,  including  MnFe204,  FeFe204, 
CoFe204,  and  NiFe204,  are  fabricated.  The  reaction  is  performed 
by  heating  an  octyl  ether  solution  containing  divalent  metal 
chloride  (MC12,  M  =  Mn2+,  Fe2+,  Co2+,  and  Ni2+),  iron  (III) 
acetylacetonate,  oleic  acid,  and  oleylamine.  As  a  result  of  the 
electron  spin  configurations  of  the  metal-doped  ferrite  MNPs, 
their  net  magnetic  moments  per  unit  MnFe204,  FeFe204, 
CoFe204,  and  NiFe204  are  estimated  as  5,  4,  3,  and  2 
respectively.  Reflecting  those  estimations,  the  saturation  magnet¬ 
ization  (Mp)  values  of  those  MNPs  are  measured  as  110  ([Mn  + 
Fe]),  101  ([Fe]),  99  ([Co  +  Fe]),  and  85  emu  g_1  ([Ni  +  Fe]). 
Recently,  Jang  et  al.  synthesized  Zn-doped  ferrite  MNPs 
((Zn0  4Fe0.6)Fe2O4)  and  Zn-/Mn-doped  ferrite  MNPs 
((Zn04Mn06)Fe2O4)  with  high  M  values  of  161  ([Zn  +  Fe]) 
and  175  emu  g_1  ([Zn  +  Mn  +  Fe]).1  The  Zn2+  doping  level,  a 
key  parameter  for  a  high  Mp  value,  is  precisely  controlled  by 
varying  the  molar  ratio  between  metal  precursors.  Another 
example  of  metal-doped  ferrite  MNPs  utilizes  not  only  the 
doping  but  also  the  sizing  strategies  to  achieve  a  high 
magnetization.  Lee  et  al.  synthesized  metal-doped  ferrite 
MNPs  by  reacting  the  mixture  of  Fe(acac)3,  Mn(acac)2,  and 
1,2-hexadecanediol  at  a  high  temperature  of 300  °C.4  The  size  of 
the  resultant  MnFe204  MNPs  (10  nm)  is  further  increased  to  12, 
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16,  or  22  nm  through  a  seed-mediated  growth  strategy.  In 
particular,  the  MNPs  with  a  size  of  16  nm  show  high  transverse 
relaxivity  of 420  mM-1  s_1,  which  is  about  7-fold  higher  than  that 
of  MIONs. 

4.2.  Elemental  Iron-Based  MNPs 

Monometallic  MNPs,  such  as  cobalt,  iron,  and  nickel,  have  been 
extensively  studied  due  to  their  prominent  magnetic  proper¬ 
ties.132’137’191  Monometallic  MNPs  exhibit  superior  magnet¬ 
ization  than  their  corresponding  oxides,  making  them  an  ideal 
choice  for  bioapplications  including  highly  sensitive  detection  of 
biomolecules  and  molecular  MRI.134  The  elemental  iron- 
based  MNPs  are  especially  attractive,  owing  to  their  high 
saturation  magnetization  value  (218  emu  g_1,  in  case  of  bulk)  as 
well  as  biocompatibility  originating  from  the  nontoxic  nature  of 
iron.1  ’  Therefore,  the  controlled  synthesis  of  elemental  iron- 
based  MNPs  has  been  an  important  goal  in  magnetic 
nanomaterial  science.  The  nonhydrolytic  thermal  decomposition 
is  the  most  common  method  for  preparing  elemental  iron 
MNPs.1'1’1  '  However,  there  still  remain  challenges  to 
obtaining  pure  monometallic  iron  MNPs  because  iron  nano¬ 
particles  are  extremely  reactive  and  readily  oxidized,  resulting  in 
undesired  changes  in  the  magnetic  properties.  Therefore, 
elemental  iron-based  MNPs  require  passivation  by  an  oxidatively 
inert  protection  layer,  such  as  carbon,11  metal  oxide,44’128’196’19 
noble  metal,1"  polymers,200  and  silica.201 

The  most  representative  strategy  for  producing  such  stable 
MNPs  is  nonhydrolytic  thermal  decomposition  synthesis  of 
elemental  iron  MNPs  followed  by  a  controlled  oxidation  process 
to  form  a  protective  iron  oxide  layer.  '  ”  According  to  a 

method  provided  by  Cabot  et  al.,  an  iron  pentacarbonyl 
precursor  is  thermally  decomposed  in  air-free  octadecene  solvent 
containing  oleylamine  as  a  surfactant. 1  The  as-synthesized  iron 
nanoparticles  are  then  heated  in  the  presence  of  oxygen,  resulting 
in  a  core— shell  structured  Fe(2)Fe304  MNPs.  The  size  of  the 
nanoparticles  can  vary  from  5  to  18  nm  by  adjusting  reaction 
parameters,  such  as  the  surfactant  level,  temperature,  and  time. 
The  thickness  of  a  surface  iron  oxide  layer  can  also  be  precisely 
tuned  by  controlling  the  reaction  temperature  because  the  shell 
growth  is  dependent  on  iron  diffusivities  which  are  exponentially 
affected  by  the  temperature.  Under  air  exposure  at  room 
temperature,  an  oxide  shell  that  is  only  a  few  nanometers  thick  is 
formed  on  the  surface  MNPs.  When  the  reaction  temperature 
increases  up  to  350  °C,  the  thickness  of  the  shell  reaches  up  to  10 
nm,  while  simultaneously  leaving  a  vacancy  behind  the  Fe  core. 
This  vacancy  formation  can  be  explained  by  the  Kirkendall  effect. 
As  the  reaction  proceeds,  iron  atoms  are  continuously  diffused 
outward  from  the  core,  resulting  in  a  growth  of  oxide  shell  on  the 
surface  of  nanoparticle  and  inducing  a  void  at  the  core. 
Therefore,  to  generate  stable  core— shell  structured  MNPs 
without  a  void,  it  is  crucial  to  optimize  the  reaction  conditions 
with  an  appropriate  temperature  and  air  exposure  time. 

Regardless  of  the  thickness,  the  iron  oxide  shell  in  the  as- 
synthesized  nanoparticles  has  poor  crystallinity.1  1,1  This  is 
problematic  because  the  amorphous  iron  oxide  shell  cannot 
effectively  protect  the  metallic  Fe  core  from  deep  oxidation.  For 
example,  as-synthesized  MNPs  with  a  2.5  nm  Fe304  shell  and  4 
nm  Fe  core  are  naturally  oxidized  at  room  temperature  within  4  h 
of  their  exposure  to  air,  leading  to  a  thicker  shell  of  3.5  nm  and  a 
smaller  core  of  3  nm.1  This  oxidation  process  reduces  the  Mp 
value  ofMNPs  from  123.5  to  99.4  emu  g_1  ([Fe]).  To  make  Fe(5) 
Fe304  nanoparticles  more  stable,  Peng  et  al.  coated  a  crystalline 
Fe304  shell  via  a  controlled  oxidation  process,  which  is  mediated 


by  an  oxidizing  agent,  (CH3)3NO.  This  controlled  oxidation 
results  in  an  Fe304  shell  with  an  inverse  spinel  crystal  structure. 
In  this  technique,  the  thickness  of  the  shell  is  modulated  by 
adjusting  the  amount  of  (CH3)3NO.  The  Mp  value  of  resulting 
MNPs  is  stably  maintained  upon  air  exposure. 

Based  on  the  synthetic  methods  mentioned  above,  16  nm 
elemental  iron-based  MNPs,  known  as  “cannonballs”,  were 
developed  by  Lee  et  al.4'  The  cannonballs  (CBs)  have  an  11  nm 
elemental  Fe  core  coated  with  a  2.5  nm  thick  Fe304  shell.  The 
CBs  show  a  superior  magnetization  of  139  emu  g_1,  which  is  1.6- 
fold  higher  than  that  of  16  nm  Fe304  nanoparticles.  To  further 
enhance  the  magnetic  properties,  Yoon  and  co-workers  utilized  a 
synthetic  approach  that  enables  tuning  of  the  shell  composi¬ 
tion.1-'  Instead  of  oxidizing  the  surface  of  the  Fe  core,  Fe  MNPs 
are  annealed  in  the  presence  of  an  iron  oleate  complex.  In  this 
method,  transition  metals  (Mn2+  or  Co2+)  can  easily  be  doped 
into  a  ferrite  shell  by  co-injecting  a  stoichiometric  amount  of 
manganese  oleate  or  cobalt  oleate  with  iron  oleate.  This  facile 
control  of  the  shell  composition  allows  for  tailoring  the  magnetic 
properties  ofMNPs.  For  example,  the  high  magnetic  moment  of 
MnFe204  allows  Fe(2)MnFe204  MNPs  to  exhibit  the  highest  Mp 
value  of  145  emu  g_1  of  MNPs  with  other  shell  compositions. 
Consequently,  the  Fe(3)MnFe204  MNPs  are  successfully  used  in 
magnetic  resonance-based  sensing  applications.1  ' 

In  addition  to  those  iron  nanoparticles  covered  with  oxides, 
there  are  few  other  types  of  elemental  iron-based  MNPs  such  as 
iron  silicide  (Fe3Si)  and  iron  carbides  (Fe3C).  In  their  bulk  state, 
Fe3Si  and  Fe3C  possess  relatively  high  saturation  magnetization 
values  of  84  and  130  emu  g_1.  '  These  materials  are  known 

to  be  more  resistant  to  oxidation  than  iron  nanoparticles.  They 
can  therefore  maintain  their  original  magnetic  properties  for 
long-term  biomedical  applications.  Fe3Si  and  Fe3C  can  be 
prepared  via  various  synthetic  means  including  a  gas-phase 
method  (e.g.,  chemical  vapor  deposition),204  laser  pyroly¬ 
sis,-04’-06  and  other  high-temperature  methods  (e.g.,  calcina¬ 
tion).-1  Recently,  nonhydrolytic  thermal  decomposition  routes 
have  been  reported  for  Fe3Si  and  Fe3C  MNPs.  Dahal  et  al. 
prepared  Fe3Si  MNPs  by  refluxing  Fe(CO)s  and  silicone 
tetrachloride  (SiCl4)  in  a  mixture  of  solvent  and  surfactants.-02 
The  size  of  Fe3Si  MNPs  is  controlled  from  4.2  to  7.5  nm  by 
increasing  the  concentration  of  precursors  at  fixed  molar  ratios 
for  iron  to  silicon.  The  7.5  nm  Fe3Si  MNPs  show  an  Mp  value  of 
60  emu  g_1,  which  is  similar  to  that  of  ferrite  MNPs.  Shultz  et  al. 
synthesized  2.7  nm  Fe3C  MNPs  by  injecting  Fe(CO)5  into  a 
refluxing  trioctylphosphine  oxide.-0 1  The  Fe3C  MNPs  are  further 
coated  with  a  thin  layer  of  iron  oxide  and  gold  for  more  enhanced 
resistance  to  oxidation.  The  resulting  Fe3C(S)FeOI(3)Au  MNPs 
yield  a  high  Mp  value  of  1 10  emu  g_1,  which  is  comparable  to  that 
of  12  nm  Mn-doped  ferrite  MNP.14 

4.3.  Iron-Based  Bimetallic  Alloy  MNPs 

Bimetallic  alloy  nanoparticles  are  another  important  class  of 
MNPs.14  ’144’  '  ’  '  "  Unlike  ferrite-based  MNPs,  all  magnetic 
spins  in  the  bimetallic  alloy  MNPs  align  parallel  to  the  external 
magnetic  field.  Therefore,  in  general,  the  magnetic  moments  of 
bimetallic  alloy  MNPs  are  higher  than  that  of  ferrite  MNPs.  For 
example,  the  magnetic  moment  of  FeCo  nanoparticles  is  2.4 
per  magnetic  atom,  which  is  about  2-fold  larger  than  that  of 
Fe304  nanoparticles.190'210  This  superior  magnetic  property 
makes  bimetallic  alloy  MNPs  possible  candidates  for  biomedical 
applications. 

The  bimetallic  MNPs  are  classically  fabricated  by  a  physical 
deposition  process,  including  vacuum-deposition  technique  and 
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Figure  13.  MNP  analysis  by  TEM.  (a)  TEM  imaging  allows  for  fast  assessment  of  particle  shape  (magnetic  core),  down  to  the  atomic  length  scale.  A 
crystal  lattice  plane  of  a  ferrite  MNP  is  shown,  (h)  Size  distribution  of  particles  in  (a)  were  obtained,  (c)  In  the  diffraction  mode,  TEM  can  be  used  to 
display  the  reciprocal  lattice  pattern.  Shown  here  is  the  electron  diffraction  pattern  of  MnFe204  MNPs.  Concentric  ring  patterns  corresponding  to  the 
spinel  structure  are  identified,  (d)  By  scanning  the  electron  beam  and  performing  spectroscopic  measurements,  the  composition  of  particles  can  he 
mapped.  The  element  of  CoFe204  (core)/MnFe204  (shell)  MNPs  were  imaged  using  the  electron  energy  loss  spectroscopy  (EELS)  method. 
Reproduced  with  permission  from  ref  44.  Copyright  2009  National  Academy  of  Sciences.  Reproduced  with  permission  from  ref  217.  Copyright  2011 
Nature  Publishing  Group. 


gas-phase  evaporation.  ’  ’  However,  MNPs  produced  by 

these  physical  methods  often  suffer  from  several  limitations,  such 
as  particle  aggregation,  wide  size  distribution,  and  poor  colloidal 
stability.'  In  contrast,  solution  phase  chemical  synthesis  offers 
an  effective  means  of  synthesizing  monodisperse  bimetallic 
MNPs.  The  most  established  chemical  synthesis  route  is 
reduction  decomposition  of  metal  precursors. 1 '  In  this 

method,  iron  pentacarbonyl  is  thermally  decomposed  to  Fe  and 
carbon  monoxides  and  metal  acetylacetonate  (M(acac)2,  M  =  Pt 
or  Co)  is  reduced  by  1,2-alkanediol  to  pure  metal.  These  two 
metal  atoms  are  combined,  forming  bimetallic  clusters  (Fe— M), 
which  act  as  nuclei.  As  more  Fe— M  species  are  deposited  around 
the  nuclei,  the  growth  continues,  leading  to  the  formation  of 
bimetallic  alloy  MNPs.  Surfactants,  such  as  oleic  acid  and 
oleylamine,  are  commonly  introduced  for  particle  stabilization. 
The  composition  of  MNPs  is  controlled  by  the  ratio  between 
Fe(CO)s  and  M(acac)2.21  Due  to  the  difference  in  the  rate  of 
decomposition  and  reduction,  the  stoichiometric  level  of  metal 
sources  will  lead  to  an  unequal  atomic  percentage  of  Fe  and  M. 
To  have  bimetallic  MNPs  with  near-equal  levels  of  Fe  and  M,  the 
compositional  relation  between  the  Fe(CO)s/M(acac)2  ratio 
and  x  in  Fe^M^oo^)  should  be  experimentally  investigated.  For 
better  control  of  composition,  Na2Fe(CO)4,  which  acts  as  not 
only  an  Fe  source  but  also  a  reducing  agent,  can  be  used  instead 
of  Fe(CO)s  214  The  Fe2-  from  Na2Fe(CO)4  is  oxidized  to  Fe, 
and  M2+  is  reduced  to  M  by  two  electrons  transferred  from  Fe2-. 
In  this  sense,  bimetallic  alloy  nanoparticles  with  1:1  stoichiom¬ 
etry  can  be  obtained. 

The  size  of  bimetallic  alloy  MNPs  is  tuned  by  modulating  the 
molar  ratio  between  metal  sources  and  surfactants,  level  of 
reducing  agents,  and  reaction  temperatures.  Momose  et  al. 
achieved  fine-tuning  of  the  FePt  MNP  size  through  simply 
changing  the  amount  of  surfactants." As  the  amount  of 
surfactants  increases,  the  nanoparticle  size  proportionally 
increases  from  2  to  5  nm,  which  is  due  to  a  decrease  in  the 
nucleation  rate  caused  by  surfactants.  Chen  et  al.  excluded 
reducing  agent  from  the  reaction  mixture  to  modulate  the  size  of 
the  nanoparticles. 2U  Because  the  reduction  of  M(acac)2  is 
essential  to  form  nuclei,  the  exclusion  of  reducing  agent  slows 
down  the  nucleation  rate,  allowing  more  metals  to  deposit 


around  the  nuclei,  leading  to  a  larger  particle.  The  authors 
demonstrated  that  the  reaction  temperature  also  critically  affects 
the  nucleation  rate  and  the  size  of  MNPs.  The  higher  reaction 
temperature  induces  the  faster  nucleation  and  smaller  nano¬ 
particles.  For  example,  the  size  of  MNPs  synthesized  at  240  °C  is 
6  nm,  while  the  nanoparticles  produced  at  225  °C  are  9  nm. 

5.  PHYSICAL  CHARACTERIZATION 

The  physical  properties  of  MNPs  can  be  measured  using 
conventional  material  characterization  tools.  When  measure¬ 
ments  are  performed  on  large  number  of  MNPs,  the  acquired 
data  should  be  interpreted  as  a  size-weighted  ensemble  average. 

5.1.  Particle  Size 

The  most  widely  used  methods  to  measure  MNP  size  include 
transmission  electron  microscopy  (TEM)  and  dynamic  light 
scattering  (DLS).  These  two  modalities  are  complementary: 
TEM  images  the  MNP  cores  in  a  dried  powder  form,  whereas 
DLS  measures  the  hydrodynamic  diameter  of  particles  in  a 
suspension. 

TEM  is  a  versatile  method  that  can  provide  morphological, 
compositional,  and  crystalline  information  on  MNPs.  The 
technique  images  electrical  interactions  between  MNP  crystals 
and  a  beam  of  electrons.  The  imaging  resolution  can  be  down  to 
atomic  scale  (a  few  angstroms),  due  to  the  small  wavelength  of 
the  electron  beam  (Figure  13a).4,  TEM  can  visualize  many 
individual  MNP  cores,  and  thereby  facilitates  the  assessment  of 
particle  size  distribution  (Figure  13b).  In  the  electron  diffraction 
mode,  TEM  can  project  reciprocal  crystal  lattice  into  concentric 
ring  patterns  (Figure  13c),  which  is  useful  to  quickly  identify 
crystal  structures.  When  combined  with  spectroscopic  instru¬ 
ments  (e.g.,  energy-dispersive  X-ray  (EDX)  spectrometer, 
electron  energy  loss  (EEL)  spectrometer),  TEM  can  generate 
atomic-scale  elemental  maps  for  compositional  analysis  (Figure 
13d).217 

DLS  measures  the  scattered  light  from  MNPs  upon  their 
illumination  with  a  monochromatic  light  source.  The  intensity  of 
the  scattered  light  fluctuates  over  time,  as  particles  undergo 
Brownian  motion.  The  fluctuation  rate  can  be  converted  into  the 
diffusivity  of  particles,  and  eventually  into  the  hydrodynamic 
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diameter  (dh)  through  the  Stokes— Einstein  relationship. 
Consequently,  DLS  estimates  the  effective  particle  size  in  fluid, 
which  encompasses  the  magnetic  core  and  its  surface  molecules. 
The  data,  however,  should  be  carefully  inspected.  The  original 
size  distribution  measured  by  DLS  is  intensity-weighted  (~dh6), 
and  therefore  can  be  dominated  by  the  presence  of  MNP 
aggregates  or  oversized  particles.  To  spot  such  distortion,  the 
volume  and  the  number  distributions,  mathematically  derived 
from  the  intensity  distribution,  should  be  compared  as  well  for 
consistency. 

5.2.  Crystal  Structure 

Similar  to  the  electron  diffraction  in  TEM,  the  crystal  structure  of 
MNPs  can  be  analyzed  through  X-ray  diffraction  (XRD).  The 
method  measures  X-ray  waves  reflected  from  solid  crystals. 
When  the  X-ray  incident  on  a  crystal  satisfies  the  Bragg’s 
condition,  the  reflected  waves  from  the  lattice  planes  undergo 
constructive  interferences,  producing  strong  intensity  peaks.  By 
using  powdered  MNPs  and  scanning  the  incidence  angle  of  the 
X-ray,  diffraction  peaks  from  all  possible  lattice  orientations  can 
be  obtained.  The  measured  diffractogram  is  then  compared  with 
standard  patterns,  to  identify  the  crystal  structure.  The  average 
crystal  size  (dxRn)  can  be  further  estimated  from  the  Scherrer 
formula,  dx rd  ~  cos  9),  where  X  is  the  X-ray  wavelength,  /?  is 

the  peak  width  at  half  the  maximum  intensity,  and  9  is  the  Bragg 
angle."  Figure  14  shows  an  XRD  diffractogram  of  Fe304  MNPs 
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Figure  14.  Structural  analysis  by  X-ray  diffraction  (XRD).  By  scanning 
the  incident  angle  (9)  of  an  X-ray  beam  and  using  powdered  MNPs,  the 
diffraction  peaks  of  different  lattice  planes  are  measured.  A  diffraction 
pattern  from  powdered  MnFe204  MNPs  is  shown,  which  conforms  to 
that  of  a  typical  spinel  structure  of  ferrite.  The  crystal  size  is  also 
estimated  by  fitting  the  major  peaks  (311)  to  Scherrer’s  formula. 
Reproduced  with  permission  from  ref  44.  Copyright  2009  National 
Academy  of  Sciences. 


(16  nm  in  diameter  under  TEM),  with  each  peak  assigned  to  a 
distinct  lattice  plane  of  a  spinel  group.  The  estimated  crystal  size 
(^xrd)  from  the  (31 1)  peak  was  15.4  nm  (Figure  14,  inset),  close 
to  that  by  TEM  (16  nm).  This  indicates  that  the  prepared  MNPs 
are  mostly  composed  of  single  domain  crystals.4  r 

5.3.  Composition 

Particle  composition  can  be  measured  in  several  ways.  T o  quickly 
obtain  stoichiometric  ratios  of  different  elements  within  the 
particle,  electron  spectroscopies  (e.g.,  EDX,  EEL)  can  be  applied 
during  electron  microscopy.  For  the  quantification  of  absolute 
amounts,  however,  inductively  coupled  plasma  atomic  emission 
spectroscopy  (ICP-AES)  is  often  used.  In  this  method,  MNPs  are 
chemically  dissolved  into  constituent  atoms,  and  the  atomic 
electrons  are  thermally  excited  by  Ar  plasma.  When  the  excited 
electrons  return  to  ground  state,  they  emit  light  at  specific 
wavelengths  that  are  characteristic  of  a  given  atom.  ICP-AES  has 


exquisite  sensitivity,  down  to  parts-per-million  level,  and  can 
identify  multiple  elements  in  a  single  measurement. 

5.4.  Magnetic  Properties 

For  comprehensive  magnetic  characterization  of  MNPs,  both  the 
temperature  ( T )  and  the  field  ( H )  dependent  magnetizations  are 
measured.  Superconducting  quantum  interference  device 
(SQUID)  or  vibrating  sample  magnetometers  are  typically  used. 

5.4.1.  Temperature-Dependent  Magnetization.  To 
measure  temperature-dependent  magnetization  M(T),  samples 
are  first  cooled  down  from  high  («300  K)  to  low  temperature 
(<4  K)  in  the  absence  of  external  magnetic  fields.  The  process, 
called  zero-field  cooling  (ZFC),  locks  the  magnetic  moments  of 
MNPs,  which  are  randomized  by  thermal  fluctuation  at  high 
temperature.  Samples  are  then  heated  back  to  high  temperature 
in  the  presence  of  a  small  measuring  field  (~100  G),  and  the 
magnetization  is  measured  at  different  temperature. 

A  salient  feature  of  M(T)  is  the  existence  of  a  characteristic 
temperature  at  which  M  has  the  maximum  value  (Figure  15a). 


H  (kOe)  H  (kOe) 


Figure  15.  Magnetic  characterization,  (a)  Temperature-dependent 
magnetization  curves  M  (T)  of  differently  sized  Fe304  MNPs  are  shown. 
The  temperature  at  which  M  has  its  maximum  is  defined  as  the  blocking 
temperature  (Tb).  When  T<  Tb,  the  magnetization  increases  with  T, 
because  thermal  energy  helps  magnetic  domains  to  rotate  and  align  with 
the  external  magnetic  fields.  When  T  >  TB)  thermal  energy  is  large 
enough  to  cause  random  fluctuations  of  magnetic  domains,  which  leads 
to  a  decrease  ofM.  (b)  TB  from  (a)  is  plotted  against  the  core  volume.  TB 
for  a  given  material  is  generally  proportional  to  the  particle  volume, 
because  the  anisotropy  energy  barrier  scales  with  the  particle  volume, 
(c)  Field-dependent  magnetization  M(H).  Below  the  blocking  temper¬ 
ature,  MNPs  display  hysteresis  in  response  to  the  applied  magnetic  field 
(H).  The  nonzero  magnetization  at  H  =  0  is  called  remanence  (Mr),  and 
the  field  strength  to  reduce  M  =  0  is  defined  as  coercivity  (Hc).  (d) 
MNPs  in  a  superparamagnetic  state  displays  negligible  Mr  and  Hc.  The 
M  value  monotonically  increases  with  H  as  in  paramagnetic  material. 
Reproduced  with  permission  from  ref  119.  Copyright  2004  Nature 
Publishing  Group. 


This  temperature,  defined  as  the  blocking  temperature  (Tb), 
indicates  the  onset  of  the  superparamagnetic  stated 1  *  When  T  < 
TB,  the  M  values  monotonically  increase  with  temperature, 
because  thermal  energy  helps  the  magnetic  moments  of 
individual  particles  to  align  with  the  external  magnetic  fields. 
Beyond  thermal  energy  becomes  large  enough  to  randomly 
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Figure  16.  Surface  modification  methods  for  MNPs.  (a)  Total  interaction  energy  between  two  MNPs  as  a  function  of  the  interparticle  distance.  The 
stability  of  MNPs  results  from  the  equilibrium  between  attractive  ( Fa ,  van  der  Waals  and  magnetic  dipolar)  and  repulsive  (Fr,  electrostatic  and  steric) 
forces.  Surface-coated  MNPs  are  stabilized  with  electrostatic  and  steric  repulsion  provided  by  coating  materials,  while  bare  MNPs  are  aggregated,  (b) 
Schematic  illustration  of  ligand  exchange.  Hydrophobic  surfactants  of  MNPs  are  replaced  with  hydrophilic  ligands,  which  consist  of  a  MNP  binding 
group  and  hydrophilic  region.  Gray-lined  boxes  show  several  examples  of  hydrophilic  ligands  and  MNP  binding  functional  groups.  DMSA, 
dimercaptosuccinic  acid;  PEG,  poly(ethylene  glycol);  PEI,  polyethylenimine;  PVP,  polyvinylpyrrolidone,  (c)  Schematic  illustration  of  MNP 
encapsulation  strategies.  Hydrophobic  MNPs  are  made  hydrophilic  by  encapsulation  with  an  amphiphilic  ligand,  embedding  in  polymer  matrix,  or 
coating  with  an  inorganic  material.  Amphiphilic  ligands  possess  hydrophobic  and  hydrophilic  regions.  The  hydrophobic  chains  are  intercalated  into  the 
layer  of  hydrophobic  surfactants  through  hydrophobic  interaction,  while  the  hydrophilic  regions  interact  with  aqueous  solution  (gray-lined  box,  top). 
Several  polymers  are  utilized  as  a  hydrophilic  matrix  for  MNP  embedding.  PS-co-PEG,  polystyrene-co-PEG;  PLGA-co-PEG,  poly(lactic-co-glycolic  acid)- 
co-PEG;  PS-co-PAA,  polystyrene-co-poly(acrylic  acid);  PLA-co-PEG,  poly(lactic  acid)-co-PEG  (gray-lined box,  middle).  Hydrophilic  silanol  groups  (Si— 
OH)  on  the  Si02  surface  make  silica-coated  MNPs  water  soluble  (gray-lined  box,  bottom). 
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flip  the  magnetic  moments,  leading  to  a  decrease  of  M.  For  a 
given  MNP  type,  the  blocking  temperature  is  proportional  to  the 
particle  volume  (V),  since  MNPs  become  superparamagnetic 
when  the  thermal  and  the  anisotropy  energies  are  comparable  to 
each  other  (fcBTB  «  KV).  As  an  example,  Figure  15a  shows  the 
M(T)  curves  of  Fe304  MNPs  with  different  core  sizes.11  ’  All 
particles  are  superparamagnetic  at  room  temperature  (Tb  <  300 
K),  and  TB  increases  linearly  with  the  particle  volume  (Figure 
15b). 

5.4.2.  Field-Dependent  Magnetization.  In  this  measure¬ 
ment,  samples  are  subjected  to  sweeping  external  magnetic  fields 
(H),  and  their  induced  magnetization  M(H)  is  monitored.  The 
resulting  M(H )  curve  provides  much  important  informa¬ 
tion:  116<220>221  (j)  the  saturation  magnetization  (M0),  the 
maximum  magnetization  value;  (ii)  the  remanence  (Mr),  the 
residual  M  at  H  =  0;  and  (iii)  the  coercivity  (Hc),  the  external  field 
required  to  reduce  M  =  0.  When  particles  assume  permeant 
magnetic  moments,  Mr  and  Hc  are  nonzero,  and  the  resulting 
M(H)  displays  a  hysteresis  loop.  MNPs  below  the  blocking 
temperature  show  such  behavior,  consistent  with  the  ferromag¬ 
netic  state  of  particles  (Figure  15c).  For  superparamagnetic 
particles,  however,  M(H)  collapses  into  a  single  curve  (Figure 
15d)  as  both  Mr  and  Hc  vanish.  MNPs  thus  assume  magnetic 
moments  only  in  the  presence  of  external  fields. 

6.  SURFACE  COATING  STRATEGIES  OF  MAGNETIC 
NANOPARTICLES 

Most  biomedical  applications  require  long-term  stability  of 
MNPs  without  aggregation  or  precipitation  (i)  in  physiological 
media  (high  salt  concentrations  and/or  proteins),  (ii)  at  different 
pHs,  and  (iii)  at  room/body  temperature.  Because  the 
interactions  of  MNPs  with  the  surrounding  media  are  governed 
by  the  chemical  properties  of  the  nanoparticle  surface,  it  is 
necessary  to  develop  efficient  surface  coating  methods.  The 
stability  of  nanoparticles  depends  on  the  equilibrium  between 
interparticle  attractive  and  repulsive  forces  (Figure  16a).' 

MNPs  tend  to  aggregate  due  to  the  attractive  interaction 
originating  from  van  der  Waals  force  and  a  magnetic  dipolar  force 
under  an  external  magnetic  field.  Therefore,  endowing  MNPs 
with  repulsive  forces  that  exceed  attractive  forces  is  crucial  in 
stabilizing  MNPs.  MNPs  can  exhibit  repulsive  forces  of 
electrostatic  and  steric  repulsion  by  having  their  surface  modified 
with  coating  materials.13  '158,15;i’225  The  surface  coatings  also  (i) 
provide  chemical  functionalities  for  conjugation  of  affinity 
ligands  and  (ii)  serve  to  reduce  nonspecific  serum  protein 
adsorption  in  the  form  of  a  nanoparticle  corona  (opsoniza¬ 
tion).226'227 

In  addition,  the  surface  coating  allows  for  the  generation  of 
biocompatible  MNPs.  Several  ferrite  MNPs  such  as  maghemite 
and  magnetite  are  generally  regarded  as  nontoxic  and  biologically 
tolerated  because  they  can  be  incorporated  into  the  natural 
metabolic  pathways  of  the  body.  Indeed,  there  currently  exist 
MNPs  which  are  approved  for  clinical  trials  (i.e.,  ferumoxytol; 
dextran-coated  magnetite  nanoparticle).1  However,  when 
those  MNPs  are  not  coated,  they  can  induce  various  toxic  efFects 
including  reactive  oxygen  species  generation  and  radical 
formation  via  the  Fenton  reaction."  1  Fe-based  MNPs  containing 
transition  metals  (e.g.,  Co,  Ni,  Mn,  etc.)  can  induce  toxicity  as  a 
result  of  biodegradation  followed  by  leaching  of  transition 
metals."  Rapid  oxidation  of  elemental  iron  MNPs  also  cause 
toxicity  by  resulting  in  oxidative  stress."  ’  In  this  sense,  MNPs 
should  be  protected  from  rapid  degradation  and/ or  oxidation  in 


physiological  environments  by  employing  surface  coating 
strategies  to  reduce  the  risk  of  toxicity. 

Depending  on  the  synthetic  routes,  the  as-synthesized  MNPs 
are  initially  stabilized  by  either  hydrophilic  or  hydrophobic 
surface  ligands.  For  example,  the  ferrite  MNPs  fabricated  by  the 
coprecipitation  method  in  the  presence  of  water-soluble  ligands 
(e.g.,  dextran,  starch,  albumin,  alginate,  or  chitosan)  are  readily 
dispersible  in  aqueous  solution  due  to  the  in  situ  hydrophilic 
surface  coatings.  On  the  contrary,  the  non- 

hydrolytically  synthesized  MNPs  are  usually  surrounded  by  a 
layer  of  hydrophobic  surfactants  and  are  only  soluble  in  nonpolar 
organic  solvents.  Therefore,  additional  hydrophilic  surface 
coatings  are  required. 

This  section  focuses  on  surface  coating  strategies  for 
stabilizing,  protecting,  and  functionalizing  nonhydrolytically 
produced  MNPs.  The  coating  methods  depend  on  the  type  of 
MNPs,  nature  of  coating  materials,  and  intended  applications. 
The  MNP  surface  modification  is  generally  achieved  via  ligand 
exchange  or  encapsulation.  A  diverse  group  of  materials,  such  as 
small  molecule  organic  ligands,  polymeric  ligands,  amphiphilic 
micellar  ligands,  dense  polymer  matrix,  and  inorganic  materials, 
are  utilized  in  such  coating  processes. 

6.1.  Ligand  Exchange 

Metallic  atoms  on  the  MNP  surface  are  electron  deficient  as  they 
are  coordinatively  unsaturated;  thus,  they  have  an  affinity  for 
electron  rich  functional  groups,  such  as  amino,  carboxyl, 
hydroxyl,  phosphate,  and  sulfhydryl.  In  this  sense,  hydrophobic 
surfactants  on  the  MNP  surface  can  be  replaced  with  hydrophilic 
ligands  by  reacting  MNPs  with  excess  hydrophilic  molecules 
(Figure  16b).  Such  hydrophilic  ligands  consist  of  (i)  an  electron 
rich  functional  group  that  binds  to  the  MNPs  and  (ii)  a 
secondary  functional  group  or  hydrophilic  region,  which  is 
exposed  to  the  aqueous  solution.  The  ligand  exchange  has  several 
advantages,  including  the  simple  reaction  procedure,  thin  coating 
layer,  and  small  overall  MNP  size.  There  has  been  extensive 
research  on  the  development  of  ligand  systems  that  can 
effectively  bind  to  MNPs. 

6.1.1.  Small  Molecule  Ligand.  Among  a  variety  of  small 
molecules,  dopamine  and  its  derivatives  are  unique  because  of 
their  robust  binding  to  ferrite-based  MNPs.  The  catechol  unit  of 
dopamine  can  be  effectively  coordinated  with  iron  atoms  on  the 
nanoparticle  surface  by  forming  a  stable  five-membered  ring.235 
The  first  case  study  of  MNP  ligand  exchange  using  dopamine  is 
reported  by  Xu  et  al."35  They  transferred  the  surface  of  Co(5) 
Fe203  MNPs  from  hydrophobic  to  hydrophilic  by  using 
dopamine,  which  is  premodified  with  nitrilotriacetic  acid.  Wei 
et  al.  synthesized  a  dopamine  sulfonate  ligand  to  improve  the 
stability.  The  combination  of  the  amine  and  sulfonate  groups 
gives  dopamine  sulfonate  a  zwitterionic  character,  which 
enhances  the  pH  stability  and  prevents  nonspecific  interaction 
with  proteins.  Recently,  Liu  and  colleagues  converted  hydro- 
phobic  Fe304  to  an  aqueous  phase  using  a  dopamine  derivative 
(3,4-dihydroxyhydrocinnamic  acid)  without  any  complicated 
organic  synthesis.  The  resultant  hydrophilic  MNPs  show  high 
colloidal  stability  over  a  wide  pH  range  (pH  3—12)."’ 

Another  example  of  small  molecule  ligands  is  carboxylates, 
with  one  example  being  citric  acid.  Citric  acid  binds  to  the  surface 
metal  atoms  by  coordinating  one  or  two  carboxylic  acid  groups. 
As  a  result,  at  least  one  carboxylic  acid  group  is  exposed  to  the 
aqueous  solvent,  making  the  nanoparticle  surface  negatively 
charged  and  water-soluble."’5  2,3-Dimercaptosuccinic  acid 
(DMSA),  which  contains  two  carboxyl  groups  and  two  sulfhydryl 
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groups,  is  another  representative  small  molecule  ligand.14  ' 

The  carboxylic  acid  groups  at  one  end  coordinatively  bind  to  the 
nanoparticle  surface,  while  the  thiol  groups  at  the  other  end 
stabilize  nanoparticles  by  disulfide  cross-linkage  between  other 
DMSA  molecules.  Jun  et  al.  reported  DMSA-coated  Fe304 
MNPs  with  high  colloidal  stability  and  their  in  vivo  MRI 
applications."  Yoon  et  al.  also  utilized  DMSA  to  stabilize  Fe(3) 
MnFe204  MNPs.1"  The  DMSA-coated  MNPs  are  further 
conjugated  with  affinity  ligands,  such  as  antibody  and  biotin,  and 
utilized  in  ^NMR  sensing  applications. 

6.1 .2.  Polymeric  Ligand.  Organic  polymers  are  widely  used 
as  stabilizing  ligands  due  to  their  distinctive  characteristics, 
including  multidentate  binding  capability  and  steric  repulsion 
effects.  Compared  to  small  molecules,  organic  polymers  attach  to 
nanoparticles  via  multiple  functional  groups  resulting  in  a 
stronger  steric  repulsive  force. 

Polyethylene  glycol  (PEG)  is  one  of  the  most  common 
polymeric  ligands  in  MNP  surface  coating.  PEG  is  an  FDA- 
approved,  biocompatible  synthetic  polymer  that  can  be  prepared 
with  a  wide  range  of  sizes  and  functional  groups.2 '  PEGylated 
MNPs  not  only  show  high  colloidal  stability,  but  also  are  protein 
resistant.  With  these  characteristics,  PEGylated  MNPs  are  not 
easily  recognized  by  the  immune  system,  and  therefore,  are  often 
regarded  as  “stealth”  nanoparticles."4"'"4'’  PEGylated  MNPs  are 
especially  effective  for  selective  detection  of  biological  targets, 
which  is  highly  desirable  for  biomedical  applications,  such  as 
magnetic-based  biosensing  or  in  vivo  targeted  imaging.  For  the 
PEGylation  of  MNPs,  one  or  both  ends  of  PEG  are  usually 
modified  with  functional  groups  that  have  affinity  to  the 
nanoparticle  surface.  Xie  et  al.  reported  surface  modification  of 
Fe304  MNPs  using  dopamine  (DOPA)  terminated  PEG.244 
Hydrophobic  surfactants,  such  as  oleate  and  oleylamine,  are 
replaced  with  DOPA-PEG  molecules  via  a  ligand  exchange 
reaction.  To  obtain  better  colloidal  stability,  Amstad  and  co¬ 
workers  introduced  a  nitro  group  to  DOPA-PEG  molecules."44 
Although  the  exact  mechanism  has  not  yet  to  be  determined, 
nitro-dopamines  bind  more  tightly  to  MNPs  with  a  significantly 
lower  desorption  rate  compared  to  other  dopamine  derivatives. 
PEGs  functionalized  with  a  multidentate  functional  group  have 
an  enhanced  ability  to  bind  to  nanoparticles.  For  example, 
polymeric  phosphine  oxide  modified  PEG  can  effectively  bind  to 
maghemite  nanoparticles  via  a  number  of  coordinative  oxygen 
atoms."4”’"1  Kohler  et  al.  utilized  a  silane-terminated  PEG  ligand 
for  PEGylation.  48  The  use  of  a  silane  binding  group  increases 
the  PEG  packing  density  by  hydrogen  bonding  between  the 
carbonyl  and  amine  groups  present  within  the  ligand.  Na  et  al. 
devised  an  oligoPEG-DOPA,  which  consists  of  a  short 
poly(acrylic  acid)  backbone  laterally  appended  with  several 
catechol  binding  groups  and  PEGs."4  The  resulting  nano¬ 
particles  are  stably  dispersed  in  phosphate  buffered  saline  (PBS) 
solution  with  a  pH  at  7.4. 

Another  widely  utilized  polymer  is  dextran.  Dextran  possesses 
excellent  biocompatibility  and  has  been  used  in  other  biomedical 
applications."  Dextran  and  its  derivatives  (e.g.,  carboxy  dextran 
and  carboxymethyl  dextran)  can  be  naturally  degraded  into 
biocompatible  glucose  by  endogenous  dextranse  enzyme.  ’1 
Most  clinical  type  MNPs  have  used  dextrans  as  a  surface  coating 
(Combidex,  dextran;  Feraheme,  carboxymethyl  dextran;  Feridex, 
dextran;  and  Resovist,  carboxydextran).140  153,1  4  As  described 
in  the  previous  section,  dextran  is  usually  coated  in  situ  during  the 
coprecipitation  synthesis  process.  However,  some  studies 
describe  postsynthesis  dextran  coating  methods.  For  example, 


Creixell  and  co-workers  coated  carboxymethyl  dextran  on  the 
surface  of  peptized  iron  oxide  nanoparticles."' " 

In  addition  to  PEG  and  dextran,  numerous  other  polymeric 
systems  are  available  for  ligand  exchange.  Here  we  briefly 
introduce  some  of  the  widely  used  polymers,  including 
poly(vinylpyrrolidone)  (PVP),  poly(vinyl  alcohol)  (PVA),  and 
poly(ethylenimine)  (PEI).  PVP  is  an  FDA- approved,  water- 
soluble  polymer  that  has  been  used  as  a  plasma  volume 
expander.  Dong  and  colleagues  coated  Fe304  MNPs  with 
PVP  after  removing  previously  bound  surfactants  with  nitro- 
sonium  tetrafluoroborate  (NOBF4),  which  facilitates  the  removal 
through  protonating  the  metal  binding  functional  groups."  The 
PVP-coated  MNPs  in  an  aqueous  media  are  stably  dispersed 
without  aggregation  or  precipitation  for  several  months.  Another 
FDA-approved  synthetic  polymer,  PVA,  has  been  widely  used  in 
medical  applications  (e.g.,  surgical  sutures)  due  to  its 
biodegradability  and  high  water  solubility.  One  typical  example 
of  PVA-coated  MNP  is  AminoSpark,  which  is  a  commercial 
probe  for  in  vitro  or  in  vivo  imaging.  ’4  To  increase  PVP  coating 
stability,  Liong  et  al.  reported  the  use  of  carboxymethyl  modified 
PVA  (CMPVA)."'  Hydrophobic  ligands  on  MnFe204  MNPs 
are  first  replaced  with  tetramethylammonium  hydroxide 
(TMAOH)  and  then  further  coated  with  CMPVA.  The  resulting 
CMPVA-coated  MNPs  are  highly  stable  in  aqueous  condition. 
PEI  is  a  multidentate,  water-soluble  cationic  polymer  containing 
abundant  primary  amine  and  secondary  amine  groups  that  show 
strong  affinity  to  surface  metal  atoms.  PEI  has  been  widely 
used  as  a  transfection  agent  because  PEI  can  electrostatically  bind 
to  the  negatively  charged  phosphate  backbone  of  DNA.  ’ 
Therefore,  MNPs  coated  with  PEI  can  be  effectively  utilized  for 
gene  delivery."'  Duan  et  al.  functionalized  magnetite  nano¬ 
particles  using  PEI  and  PEG-modified  PEI  (PEI-co-PEG).  Both 
surface-coated  MNPs  are  well-dispersed  in  aqueous  solution  for 
more  than  3  months."4  ’ 

6.2.  Encapsulation 

Encapsulating  MNPs  in  a  biocompatible,  hydrophilic  shell  is 
another  method  of  phase  transfer  of  nonhydrolytically  produced 
MNPs.  There  are  several  nanoparticle  encapsulation  methods 
that  can  be  classified  according  to  the  shell  materials  and 
encapsulation  processes  (Figure  16c).  Amphiphilic  ligands, 
water-soluble  polymer  matrix,  and  hydrophilic  inorganic  material 
(i.e.,  silica)  are  commonly  used  as  shell  materials. 

6.2.1.  Amphiphilic  Micellar  Ligand.  The  encapsulation  of 
nanoparticles  with  amphiphilic  ligands  can  be  achieved  by  simply 
mixing  the  nanoparticles  with  amphiphilic  ligands  in  an  adequate 
solvent.  This  results  in  highly  stable,  micellar-coated  nano¬ 
particles.  In  this  process,  the  hydrophobic  region  of  amphiphilic 
ligand  is  intercalated  with  hydrophobic  surfactants  on  nano¬ 
particles  by  hydrophobic  interactions,  while  the  remaining 
hydrophilic  region  solubilizes  the  nanoparticles  in  the  aqueous 
solvent.  A  number  of  amphiphilic  molecules  have  been  used  for 
the  phase  transfer  of  MNPs.  One  typical  example  is  PEG— 
phospholipid  copolymer.  Lee  et  al.  prepared  MNPs  with  a  high 
colloidal  stability  and  good  biocompatibility  by  encapsulating 
magnetite  nanoparticles  with  PEG— phospholipid.  0  Seo  and 
colleagues  encapsulated  FeCo  MNPs  in  PEG— phospholipid 
micelles  and  demonstrated  their  colloidal  stability  which  is 
sufficient  for  in  vivo  application.  4  In  addition  to  PEG— 
phospholipid,  many  other  copolymers,  such  as  PEG— 2- 
tetradecylether,201  polylactide— PEG,"02  poly(maleic  anhydride- 
a/t-l-octadecene)— PEG,20'’  polystyrene— poly(acrylic  acid) 
(PS— PAA),“ 64  and  tetradecylphosphonate" ol  can  be  used  as 
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Figure  17.  MNP  surface  conjugation  chemistries,  (a)  Schematic  illustration  of  covalent  conjugation  strategies,  including  amine,  carboxylic  acid,  and 
sulfhydryl  reactive  chemistries,  (b)  Representative  bioorthogonal  covalent  conjugation  chemistries.  CuAAC,  Cu(l)-mediated  [3  +  2]  azide— alkyne 
cycloaddition;  Tz,  tetrazine;  TCO,  frans-cyclooctene.  (c)  The  schematics  of  the  bioorthogonal  nanoparticle  detection  (BOND)  technique,  which 
utilizes  Tz— TCO  cycloaddition  as  the  conjugation  mechanism.  Antibodies  are  modified  with  TCO  and  used  as  scaffolds  to  label  more  Tz  modified 
MNPs  onto  target  cells. 


amphiphilic  ligands.  However,  MNPs  encapsulated  in  copoly¬ 
mers  have  a  relatively  large  hydrodynamic  size  compared  to  those 
MNPs  prepared  by  the  ligand  exchange  method.  This  is  due  to 
large  micelle  coating  thickness  originating  from  the  high 
molecular  weight  of  copolymers.  Considering  that  hydro- 
dynamic  size  is  highly  related  to  the  physical  properties  (e.g., 
Brownian  relaxation)  of  MNPs,  it  is  crucial  to  develop  a  method 
for  controlling  the  thickness  of  micelle  coating  while  maintaining 
the  colloidal  stability  of  MNPs.265'266  Oligomeric  or  dendritic 
molecules  can  be  a  good  candidate  for  providing  a  thin,  micellar 
shell.  In  a  study  by  Wang  et  al.,  micellar-coated  MNPs  with  a  thin 
coating  are  prepared  using  a-cyclodextrin,  which  is  a  naturally 
occurring,  cyclic  oligosaccharide  containing  hydrophobic  cavities 
and  hydrophilic  rims.-0 

6.2.2.  Polymeric  Matrix.  The  incorporation  of  MNPs  in  a 
hydrophilic,  dense  polymeric  matrix  is  an  additional  way  of 
generating  water-soluble  MNPs.  Various  copolymers,  such  as 


polystyrene-co-PEG  (PS-co-PEG),268  poly(lactic-co-glycolic 
acid)-co-PEG  (PLGA-co-PEG),269'"  polystyrene-co-poly- 
(acrylic  acid)  (PS-co-PAA),“  1,272  and  poly(lactic  acid)-co-PEG 
(PLA-co-PEG),273  have  been  used  as  matrixes.  Because  single 
polymer  matrix  particles  can  contain  a  large  number  of  MNPs, 
the  nanoparticle— polymer  hybrids  can  have  a  significantly  high 
magnetic  moment."  4_  Typically,  such  hybrids  can  be 
fabricated  by  polymerization  of  monomers  in  the  presence  of 
MNPs.  Xu  and  colleagues  prepared  PS/silica  matrix  particles 
containing  hydrophobic  Fe304  MNPs  via  oil-in-water  emulsion 
polymerization.  The  MNPs-PS/silica  hybrid  has  an  average 
size  of  134  nm  with  a  polydispersity  of  7.5%.  Kaewsaneha  et  al. 
embedded  magnetite  MNPs  in  a  water-soluble  PS-co-PAA  matrix 
through  polymerization  of  styrene  and  acrylic  acid  monomers  in 
the  presence  of  MNPs  and  azobis(isobutyronitrile)  (AIBN) 
initiator."  7  The  resulting  product  with  a  hydrodynamic  size  of 
250  nm  shows  high  colloidal  stability.  The  application  of  such 
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MNP— polymer  hybrids  in  POC  diagnostics  has  been  demon¬ 
strated  by  Neely  and  co-workers."  ’  They  developed  a  highly 
sensitive  P2  magnetic  resonance  sensor  system  using  a 
carboxylated  polymer  matrix  (800  nm)  embedded  with 
numerous  iron  oxide  MNPs.  They  successfully  detected 
bloodstream  infections  of  Candida  spp.  with  a  sensitivity  ~  100- 
fold  higher  than  that  of  conventional  techniques. 

6.2.3.  Hydrophilic  Inorganic  Material.  Silica  has  been 
extensively  studied  as  an  efficient  coating  material  due  to  its 
advantages  of  hydrophilicity,  high  density  of  surface  functional 
groups,  and  easily  controllable  shell  thickness.280-283  The  surface 
of  silica  is  negatively  charged  as  a  result  of  deprotonation  of 
terminal  silanol  groups.  Therefore,  electrostatic  repulsive  forces 
stabilize  MNPs  encapsulated  in  silica.  Silica  can  also  protect 
MNPs  from  undesirable  chemical  transformations,  such  as 
oxidation  of  elemental  metallic  nanoparticles."  ’  1 

A  common  approach  for  encapsulating  MNPs  in  silica  is  sol- 
gel  reaction  (Stober  process),  where  silica  is  synthesized  via  the 
hydrolysis  and  condensation  of  silicon  orthoester  (Si(OR)4) 
(e.g.,  tetraethyl  orthosilicate  (TEOS)  and  tetramethyl  orthosi¬ 
licate  (TMOS)).281  2  In  this  process,  silicon  orthoesters  are 
first  hydrolyzed,  yielding  silicic  acids  (Si(OH)4);  then,  they 
undergo  polycondensation  into  a  three-dimensional  network  of 
Si— O— Si.  The  reaction  between  uncondensed  silanol  and 
hydroxyl  groups  on  the  MNP  surface  forms  a  Si— O— M  bond, 
which  facilitates  silica  coating  on  the  MNP  surface.  This  process 
can  be  catalyzed  by  either  acid  or  base,  and  the  shell  thickness  is 
controlled  by  varying  the  concentration  of  silicon  precursors.-88 
The  surface  silanol  groups  can  further  be  modified  with  amine 
and  sulfhydryl  functional  groups  by  employing  respective 
aminoethoxysilane  and  mercaptoethoxysilane.  Carboxylic  acid 
groups  can  also  be  obtained  by  a  reaction  with  aminoethoxysilane 
followed  by  succinic  anhydride. 

However,  nonhydrolytically  synthesized  MNPs  lack  surface 
hydroxyl  groups,  which  are  essential  to  the  formation  of  the  Si— 
O— M  bond.  To  overcome  this  limitation,  Yi  et  al.  utilized  a  base- 
catalyzed  sol— gel  reaction  in  an  inverse  micelle."  The  use  of 
base  not  only  catalyzes  the  sol— gel  process,  it  also  peels  off 
hydrophobic  surfactants  and  provides  MNPs  with  hydroxyl 
groups.  Based  on  a  modification  of  Yi’s  method,  Cheon’s  group 
synthesized  metal-doped  ferrite(a)Si02  MNPs  with  uniform  and 
precisely  controlled  Si02  thickness.-  -  Yoon  and  colleagues 
developed  silica-coated  multicore  MNPs.1-  The  so-called 
pomegranate-shaped  MNP(3)Si02  is  prepared  through  clustering 
the  MnFe204  MNPs  with  PVP  followed  by  silica  coating  using 
the  Stober  method.  The  resulting  MNPs  show  high  colloidal 
stability  in  aqueous  media  and  exhibit  high  r2  of  695  mM-1  s-1. 

7.  CONJUGATION  CHEMISTRIES  FOR  MAGNETIC 
NANOPARTICLES 

MNPs  can  easily  be  functionalized  with  targeting  molecules,  such 
as  antibodies,  proteins,  peptides,  nucleic  acids,  and  small 
molecules,  and  can  take  advantage  of  the  enhanced  binding 
affinity  conferred  by  multivalency.  Currently,  various  efficient 
conjugation  strategies,  which  can  be  categorized  into  covalent 
conjugation  and  noncovalent  conjugation,  are  utilized.  The 
choice  of  conjugation  strategy  is  determined  by  the  nature  of  the 
MNP  surface  ligands  and  their  available  functional  groups,  the 
characteristics  of  targeting  molecules,  and  the  desired  POC 
application.  For  example,  understanding  the  functional  groups 
available  on  an  antibody  is  crucial  to  choosing  the  best  method 
for  modification.  In  particular,  primary  amines  (lysines)  are 
prominently  found  within  the  antigen-binding  site  of  the 


antibody.-  1  Therefore,  labeling  antibody  through  the  primary 
amine  may  cause  a  significant  decrease  in  the  antigen-binding 
activity  of  the  antibody.  This  drawback  can  be  overcome  by 
utilizing  the  hydroxyl  group  of  the  antibody.2  1  The  following 
paragraphs  will  highlight  several  conjugation  strategies  that  are 
commonly  used  for  MNP  surface  functionalization.  These  will 
include  the  bioorthogonal  method,  which  has  become  a  favored 
approach  due  to  its  rapid  conjugation,  site  specific  attachment 
capabilities,  and  high  efficiency." 

7.1.  Covalent  Conjugation 

The  use  of  covalent  linkages  has  been  the  primary  method  of 
choice  for  introducing  targeting  molecules  to  MNPs.  Covalent 
bonds  can  be  formed  between  functional  groups  such  as  amine 
(— NH2),  carboxylic  acid  (— COOH),  and  sulfhydryl  (— SH),  at 
the  MNP  surface  and  targeting  molecules.  Bioorthogonal  click 
chemistry  that  facilitates  cross-linking  between  alkynes  and 
azides  (— N3)  is  another  widely  utilized  covalent  conjugation 
method.  Alternatively,  a  coordination  bond,  also  called  a  dative 
covalent  bond,  between  metals  and  metal  binding  amino  acids 
can  be  utilized.  A  number  of  straightforward  protocols  are 
available  for  linking  those  functional  groups. 

7.1.1.  Conventional  Covalent  Linkage  Chemistry.  The 
most  common  and  versatile  techniques  for  covalent  conjugation 
involve  the  use  of  chemical  groups  that  readily  react  with 
functional  groups  on  MNPs  (Figure  17a).  There  are  numerous 
synthetic  reactive  groups  that  form  covalent  bonds  with 
functional  groups." J  Chemicals,  including  aldehydes,  anhy¬ 
drides,  epoxides,  isothiocyanates,  and  NHS  ester  (N-hydrox- 
ysuccinimide),  are  popular  amine-specific  reactive  groups  that 
are  usually  incorporated  in  MNP  functionalization.  In  the  case  of 
carboxylic  acid,  few  chemicals  are  known  to  conjugate  to  them. 
Carbodiimide  compounds  (i.e.,  l-ethyl-3-[3-(dimethylamino)- 
propyljcarbodiimide  hydrochloride  (EDC))  are  useful  for 
labeling  carboxylic  acids.  They  can  activate  carboxylic  acids  for 
direct  conjugation  to  primary  amines  via  amide  bonds.  The 
sulfhydryl  reactive  groups  include  maleimides,  haloacetyls,  and 
pyridyl  disulfides.  These  chemicals  form  stable  thioether  linkages 
or  disulfide  bonds  upon  reaction  with  sulfhydryl  groups. 

However,  because  targeting  molecules  usually  lack  reactive 
groups,  they  are  modified  prior  to  conjugation.  In  this  sense,  the 
most  common  strategy  is  to  use  bifunctional  cross-linkers,  which 
possess  two  reactive  groups  at  both  ends.2  ’’  They  can  be 
categorized  into  homobifunctional  or  heterobifunctional  mole¬ 
cules  depending  on  the  reactive  groups.  For  example,  bis- 
(sulfosuccinimidyl)suberate,  which  has  two  NHS  esters  at  each 
end  of  a  carbon  spacer  arm,  is  a  homobifunctional  cross-linker 
that  allows  for  amine-to-amine  cross-linking.  Sulfosuccinimidyl- 
4- (N-maleimidomethyl) cyclohexane- 1-carboxylate  (sulfo- 
SMCC),  containing  a  maleimide  group  and  NHS  ester,  is  a 
heterobifunctional  cross-linker  for  amine-to-sulfhydryl  cross- 
linking.  For  carboxylic  acid-to-amine  coupling,  zero-length  cross¬ 
linker  EDC  can  be  utilized.  EDC  functions  by  converting 
carboxyls  into  amine-reactive  isourea  intermediates  that  bind  to 
the  primary  amine.  Unlike  other  heterobifunctional  cross-linkers, 
EDC  only  serves  as  a  catalyst  for  covalent  bond  formation. 

The  use  of  cross-linker  molecules  not  only  facilitates  covalent 
bond  formation,  it  also  provides  better  conjugation  efficiency. 
Steric  hindrance  around  the  MNPs  can  interfere  with  the  cross- 
linking  reactions,  making  it  more  difficult  to  label  targeting 
molecules."  Highly  flexible  bifunctional  cross-linkers  with  long 
carbon  chains  allow  for  bioconjugation  without  steric  hindrance, 
increasing  the  number  and  activity  of  targeting  molecules 
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Figure  18.  Alternative  MNP  surface  conjugation  chemistries,  (a)  Example  of  representative  dative  covalent  bonding,  (b)  Schematic  illustration  of 
noncovalent  conjugation  commonly  used  for  bioconjugation. 
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attached  on  MNPs.'  '  '  One  typical  drawback  of  cross-linkers 
is  MNP  clusterization,  which  is  induced  by  interparticle  cross- 
linking.'  To  prevent  such  undesirable  cross-linking,  several 
reaction  steps,  including  functional  group  protection,  stepwise 
modification,  and/or  a  number  of  purification  processes,  are 
required.  Nevertheless,  those  additional  steps  often  result  in  a 
low  product  yield. 

7.1 .2.  Bioorthogonal  Chemistry.  An  emerging  concept  in 
conjugation  chemistry  is  bioorthogonality,  which  is  defined  by  a 
chemical  reaction  that  occurs  inside  living  systems  without 
interfering  with  native  biochemical  processes.'  ’  ‘  Reactions 

are  considered  bioorthogonal  when  the  two  reactive  groups  are 
highly  selective  for  each  other  and  inert  for  the  other  functional 
groups  present  in  biological  systems. 500  The  reaction  should 
proceed  in  mild  conditions,  such  as  water  at  or  near  neutral  pH, 
and  temperature  between  25  and  37  °C,  and  it  does  not  involve 
cytotoxic  reagents  or  byproducts.  Bioorthogonal  conjugation  has 
become  one  of  the  preferred  methods  of  attaching  targeting 
molecules  to  MNPs. 

As  a  subclass  of  bioorthogonal  chemistry,  click  chemistry  is  the 
most  common  approach  for  meeting  the  aforementioned 
requirements  (Figure  17b).301  One  of  the  classic  click  reactions 
is  the  Huisgen  1,3-dipolar  cycloaddition  of  azides  and  alkynes  to 
form  1,2,3-triazoles.302  When  Cu(l)  is  used  as  a  catalyst,  this 
process  can  be  accelerated  ~108-fold.  Therefore,  the  reaction  is 
commonly  referred  to  as  a  Cu(l)-mediated  [3  +  2]  azide— alkyne 
cycloaddition  (CuAAC).  Compared  to  other  conjugation 
strategies,  CuAAC  has  distinctive  advantages.  Azide  and  alkyne 
have  very  high  specificity  for  each  other  and  they  are  unreactive 
to  other  functional  groups,  allowing  for  target-specific  con¬ 
jugation.  Additionally,  the  resulting  covalent  bond  is  highly  stable 
and  not  susceptible  to  harsh  biological  environments.  However, 
the  use  of  Cu(l)  species  as  a  catalyst  requires  an  organic  solvent 
or  anaerobic  conditions,  which  are  not  desirable  in  bioconjuga¬ 
tion  reactions.'10^  One  approach  for  tackling  this  issue  is  the 
utilization  of  water-soluble  Cu(ll)  species  (e.g.,  CuS04)  and 


ascorbic  acids  that  reduce  Cu(ll)  to  Cu(l).  "b’  06  This  allows  for 
CuAAC  to  proceed  under  mild  aerobic  aqueous  conditions.  The 
other  approach  is  Cu-free  click  chemistry,  which  takes  advantage 
of  strained  alkynes  (e.g.,  difluorinated  cyclooctyne).  ’1  1  The 
cyclooctyne  is  self-activated  by  its  ring  strain  and  electron- 
withdrawing  fluorine,  enabling  the  reaction  to  take  place  with 
kinetics  that  are  comparable  to  CuAAC.  The  elimination  of 
cytotoxic  copper  catalyst  makes  Cu-free  click  chemistry 
biocompatible  and  suitable  for  application  within  various  MNP 
bioconjugation  processes.  Nevertheless,  the  reaction  is  still 
limited  by  the  poor  aqueous  solubility  of  substrates  and  tedious 

,i  308 

syntheses. 

Another  example  of  a  click  reaction  is  Staudinger  ligation.309 
This  reaction  utilizes  an  azide  and  ester  containing  aryl 
phosphine  to  induce  an  iminophosphorane  (aza-ylide)  inter¬ 
mediate.  The  aza-ylide  undergoes  spontaneous  intramolecular 
cyclization,  resulting  in  a  stable  amide  bond.  This  reaction  is 
biocompatible  because  it  can  proceed  in  a  mild  aqueous 
environment  and  does  not  require  any  catalysts  or  organic 
solvents.  One  limitation  of  this  chemistry  is  the  oxidation  of 
phosphine  in  ambient  conditions,  which  can  cause  a  decreased 
reactivity  and  low  production  yield.  Excess  amounts  of  reagents 
are  required  to  overcome  this  issue.'10 

The  other  click  reaction  is  the  Diels— Alder  reaction,  which  is 
[4  +  2]  cycloaddition  between  a  dienophile  and  diene.  11  This 
reaction  works  in  aqueous  buffers,  at  or  near  room  temperature, 
and  in  a  highly  selective  and  efficient  manner  without  the 
formation  of  byproducts.  Recently,  a  reaction  between  a  1, 2,4,5- 
tetrazine  (Tz)  and  a  frans-cyclooctene  (TCO),  which  is  a 
derivative  of  the  Diels— Alder  reaction,  was  introduced  as  an 
effective  chemistry  for  MNP  bioconjugation.31  -  This  Tz— 
TCO  chemistry,  pioneered  by  the  Weissleder’s  group,  benefits 
from  the  high  aqueous  stability  of  Tz  molecules,  high  reactivity  of 
strained  TCO,  sufficiently  rapid  kinetics,  and  no  need  for  a 
catalyst.  Termed  “bioorthogonal  nanoparticle  detection” 
(BOND),  this  technique  provides  a  novel  targeting  platform  in 
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which  Tz  and  TCO  act  as  the  coupling  agents  between  MNPs 
and  targeting  antibodies  (Figure  17c).  Haun  et  al.  demonstrated 
the  utility  of  this  reaction  for  cell-specific  amplification  of  MNP 
binding  which  can  be  utilized  to  detect  various  biomolecules  such 
as  protein  biomarkers." >2’3 15,3 16  To  facilitate  this  process,  amine- 
functionalized  MNPs  are  first  modified  with  an  NHS  ester 
derivative  of  Tz  to  create  Tz-MNPs.  Targeting  antibodies  are 
modified  with  NHS  containing  TCO.  In  a  two-step  labeling 
strategy  (BOND-2),  the  TCO-modified  antibodies  are  first  used 
for  target  (e.g.,  cancer  cell)  binding  followed  by  covalent  reaction 
with  Tz-MNP." 1  The  robust  conjugation  reaction  ofBOND- 
2  allows  for  higher  MNP  binding  to  targets  compared  to  other 
conjugation  techniques,  resulting  in  a  significantly  improved 
detection  sensitivity  in  the  NMR-based  sensor  system.  More¬ 
over,  this  platform  is  capable  of  performing  rapid,  multiplexed 

analysis  of  human  tumors  and  is  broadly  applicable  for 

i  •  j.  ,  44,315,317 

biomedical  use. 

7.1.3.  Amino  Acid-Metal  Dative  Bonding.  A  dative 
covalent  bond  (coordination  bond)  is  a  covalent  bond  in  which 
both  electrons  come  from  the  same  atom.  Several  amino  acids 
can  form  dative  covalent  bonds  with  specific  metals.  For  example, 
cysteine  coordinatively  binds  to  copper  and  gold  through  its 
sulfydryl  side  chains.318  This  characteristic  coordination  bonding 
between  amino  acid  and  metal  can  serve  as  a  novel 
bioconjugation  method.  The  most  widely  used  combination  is 
polyhistidine  (His„)  and  divalent  nickel  (Ni2+)  chelated 
nitrilotriacetic  acid  (NTA)  (Figure  18a).319’’20  The  high  affinity 
of  His„  and  Ni-NTA  interaction  is  characterized  by  a  small 
dissociation  constant  of  10-13  M.  To  facilitate  His„— Ni-NTA 
mediated  bioconjugation,  NTA  is  first  labeled  on  the  surface  of 
MNPs  using  conventional  covalent  conjugation  chemistry,  which 
is  followed  by  Ni2+  chelation.235,321’32  Targeting  molecules  that 
contain  a  His„  motif  are  then  conjugated  with  MNPs.  Because  a 
variety  of  biomolecules  can  be  chemically  modified  to  display  a 
His„  tag,  this  conjugation  strategy  has  applicability  beyond 
proteins  or  peptides.  "  ’ 

In  combination  with  MNPs,  the  Hisn— Ni-NTA  interaction  can 
be  an  efficient  and  selective  method  for  magnetic  separation  and 
purification  of  His„-tagged  proteins  or  cells.  Xu  and  co-workers 
synthesized  Ni-NTA-modified  MNPs  of  FePt  and  CoffSFejC^ 
and  demonstrated  their  ability  to  separate  His-tagged  pro¬ 
teins."  35,321  According  to  a  study  by  Kim  et  al.,  a  high  density  of 
Ni-NTA  present  on  the  MNP  surface  enhances  the  protein 
purification  capacity.  "  "  Kim  and  co-workers  reported  the  use  of 
Fe203(a)Ni0  MNPs  for  NTA  free  capture  of  Hisn-tagged 
proteins.”  In  particular,  the  MNPs  themselves  have  affinity  to 
His  tags,  owing  to  the  presence  of  Ni2+  ions  on  the  surface.’"4’’"” 
Therefore,  no  additional  Ni-NTA  conjugation  process  is 
required. 

7.2.  Noncovalent  Conjugation 

Noncovalent  conjugations  differ  from  covalent  conjugation  in 
that  they  do  not  share  electrons,  but  they  take  advantage  of  a 
variety  of  interactions,  such  as  hydrogen  bonding,  van  der  Waals 
interaction,  ^-interaction,  and  hydrophobic  interaction.3"1  In 
general,  noncovalent  bonds  are  much  weaker  than  covalent 
bonds.  The  bond-dissociation  energy  of  noncovalent  bonds  is 
only  1—5  kcal/mol,  while  that  of  a  covalent  bond  is  an  order  of 
magnitude  larger."’  However,  cooperative,  multiple  non¬ 
covalent  interactions  can  produce  stable,  specific  linkages 
between  different  molecules. 

Several  noncovalent  interactions,  including  affinity,  electro¬ 
static,  and  hydrophilic  interactions,  are  available  for  conjugation 


of  targeting  molecules  to  MNPs  (Figure  18b)."  "’  "  Among 
them,  the  avidin— biotin  affinity  interaction  is  one  of  the  widely 
exploited  strategies  due  to  its  exceptional  bond  strength 
(dissociation  constant,  Kd  =  10_1”  M),  which  is  comparable  to 
that  of  a  covalent  bond.  ’  The  bond  formation  is  very  rapid,  and 
once  formed,  the  bond  is  stable  under  extreme  pH,  temperature, 
organic  solvent,  and  other  denaturing  agent  conditions." 13,328,32 
The  high  affinity  is  originated  from  an  extensive  network  of 
hydrogen  bonds,  and  there  is  high  shape  complementarity 
between  the  avidin  binding  pocket  and  biotin.’"1  Avidin  can 
interact  with  up  to  four  biotin  molecules,  owing  to  its 
homotetrameric  subunit  structure,  and  each  subunit  is  capable 
of  binding  to  one  biotin.  Avidin— biotin  conjugation  is  usually 
conducted  via  a  two-step  reaction.  First, 

targeting  molecules  and  MNPs  are  functionalized  with  avidin 
and  biotin  (or  vice  versa).  Because  biotin  is  relatively  small 
(244.3  Da),  it  can  be  labeled  on  targeting  molecules  without 
significantly  altering  their  functionalities.  ’’  ’  Typically,  biotin  is 
cross-linked  with  amine  or  sulfhydryl  functional  groups  using 
reactive  biotin  reagents,  such  as  NHS-biotin  and  maleimide- 
biotin.  Avidin  can  be  labeled  to  the  surface  coatings  of  MNPs  via 
various  covalent  conjugation  chemistries.  Then,  avidin-coated 
MNPs  are  reacted  with  biotinylated  molecules,  leading  to  target 
molecule-conjugated  MNPs.  Although  the  avidin— biotin  inter¬ 
action  is  robust,  it  often  suffers  from  the  nonspecific  binding  of 
avidin,  which  originates  from  avidin’s  high  carbohydrate  content 
and  isoelectric  point  (pi,  ~10).”4  This  issue  can  be  solved  by 
chemical  deglycosylation  of  avidin.’  ”  As  an  alternative, 
streptavidin,  which  lacks  carbohydrates  and  has  a  lower  pi  of 
5—6,  can  be  used.”1’ 

A  number  of  studies  utilizing  avidin— biotin  interactions  have 
been  reported.  Most  of  them  take  advantage  of  the  interaction  to 
conjugate  targeting  molecules  to  MNPs.2  0,2  "’"  Recently, 
the  interaction  was  applied  as  a  model  system  to  demonstrate 
proof-of-concept  of  new  MNP-based  biosensing  plat¬ 
forms."’’1  ’  -  The  avidin— biotin  interaction  can  be  a 


good  model  in  such  biosensing  platforms  due  to  its  high  affinity, 
albeit  adding  considerable  bulk.  Yoon  et  al.  utilized  avidin— biotin 
interactions  to  demonstrate  a  magnetic  resonance  based 
biosensor. 128  In  this  system,  biotinylated  Fe(3)MnFe204  MNPs 
are  clustered  by  avidin,  resulting  in  an  avidin  dose-dependent 
change  of  the  T2.  Ilyas  and  colleagues  biotinylated  Fe304  MNPs 
to  detect  streptavidin-functionalized  proteins.”  The  strong 
affinity  between  biotin  and  streptavidin  allows  for  sensitive 
detection  of  streptavidin-bearing  horseradish  peroxidase.  Ranzo- 
ni  and  co-workers  conjugated  biotinylated  antibodies  to 
streptavidin-coated  MNPs  for  prostate  specific  antigen  (PSA) 
detection.’40  In  the  presence  of  PSA,  antibody— MNPs  are 
clustered  and  those  clusters  are  detected  by  optical  scattering  at 
applied  magnetic  rotation  frequencies. 


8.  CLINICAL  APPLICATIONS 

Magnetic  POC  technologies  continue  to  evolve  with  ever- 
increasing  sensitivities,  proffered  by  advances  in  MNP  design, 
amplification  strategies,  and  sensitive  detectors.  Collectively,  the 
different  technologies  have  now  been  used  to  detect  and 
phenotype  whole  cells,  exosomes,  bacteria,  viruses,  proteins, 
drugs,  and  nucleic  acids  in  unprocessed  biological  sam¬ 
ples.’41  The  main  clinical  applications  to  date  have  been 
for  cancer  and  infectious  disease  detection.  Some  of  these  devices 
and  assays  are  entering  the  marketplace  (see  Table  l).  One 
example  is  T2Biosystems,  a  company  using  NMR  to  develop 
applications  aimed  at  lowering  mortality  rates,  improving  patient 
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Figure  19.  Magnetic  barcode  assay  for  bacterial  detection,  (a)  Assay  procedure.  From  unprocessed  specimen,  bacterial  16sRNA  or  DNA  is  extracted 
though  an  off-chip  stressing.  Extracted  DNA  samples  are  then  loaded  into  a  fluidic  device.  The  target  DNA  sequences  are  amplified  by  asymmetric  RT- 
PCR  and  captured  by  polymer  beads  modified  with  capture  DNA.  MNPs  are  then  used  to  specifically  coat  the  beads  via  complementary  sequences,  and 
the  samples  are  subjected  to  NMR  measurements,  (b)  A  fluidic  cartridge  was  developed  to  streamline  the  assay.  The  device  integrates  PCR  chambers, 
mixing  channels,  and  a  microcoil  for  NMR  measurements,  (c)  Mycobacterium  tuberculosis  targets  in  sputum  samples  were  detected.  The  sensitivity  was 
102— 103  CFU/mL.  CFU,  colony  forming  unit.  Reproduced  with  permission  from  ref  52.  Copyright  2013  Nature  Publishing  Group. 


outcomes,  and  reducing  the  cost  of  healthcare.  Their  T2Dx 
Instrument  and  T2Candida  Panel  have  already  received 
marketing  authorization  from  the  U.S.  Food  and  Drug 
Administration.  Another  platform,  Magnotech,  by  developed 
by  Philips, 108  has  been  applied  to  detect  cardiac  troponin  I 
(cTnl)  for  diagnosis  of  acute  myocardial  infarction.  For  the  ex 
vivo  POC  applications,  the  stringent  requirement  for  MNP 
biodegradation  and  biocompatibility  could  be  relaxed;  more 
critical  particle  requirements  are  high  magnetic  moments, 
colloidal  stability,  and  ease  of  bioconjugation.  As  such,  many 
commercially  available  or  custom-designed  MNPs  have  been 
used  in  combination  with  these  detection  systems. 

8.1.  Infection 

Several  different  approaches  to  bacterial  detection  have  been 
explored,  including  antibody  or  protein-based  diagnostics,344 
magnetic  Gram-staining,44  antibiotic-based  diagnostics,48  and 
fast  magnetogenetic  profiling  technologies.80'8"  The  latter 
approach  is  particularly  robust  and  enables  rapid  bacterial 
analyses  of  16S  rRNAin  minimally  processed  samples8"  as  well  as 
bacterial  DNA.  ’  ’  Figure  19  summarizes  the  principle  of 

the  magnetogenetic  profiling  technique.8'  Furthermore,  fungal 
detection  studies  have  shown  that  magnetogenetic  detection  is  a 
rapid,  automation-amenable  opportunity  for  clinicians  to  detect 
and  identify  multiple  human  pathogens  within  hours  of  sample 
collection."  4  In  essence,  the  magnetic  detection  technology, 
particularly  the  /jNMR,  is  quite  mature  and  consequently  is  being 
commercialized  for  molecular  testings  of  other  patho¬ 
gens.279’346'347 

8.2.  Cancer 

There  is  a  need  to  more  effectively  detect  and  phenotype  cancers. 
Such  molecular  analyses  will  rely  on  measuring  multiple  (dozens 
to  hundreds  of)  proteins  and  nucleic  acids  (mRNA,  miRNA, 
DNA)  originating  from  cancer  cells.  Developments  in  this 
direction  will  be  invaluable  for  earlier  cancer  detection,  mapping 


of  heterogeneity,  analysis  of  drug  response,  and  resistance  or 
recurrence.  For  example,  the  /(NMR  technology  has  been  used 
clinically  to  detect  cancer  cells  and  to  perform  rapid  profiling 
during  fine  needle  aspirations  in  70  patients.  1  These  studies 
were  expanded  to  apply  the  same  technology  to  the  detection  of 
circulating  tumor  cells  in  blood  of  25  patients  and  to  lung 
cancer  phenotyping  in  47  patients.4  The  technology  has  also 
been  used  successfully  for  exosome  profiling  in  glioblastoma.43  It 
is  likely  that  related  technologies,  also  relying  on  nano- 
particles,34  will  continue  to  emerge  to  further  improve  the 
detection  sensitivities. 

8.3.  Coagulation 

Rapidly  assessing  hemostatic  parameters  is  an  important  task  in 
hospital  (surgical  and  interventional  practices)  as  well  as  in  the 
battlefield  and  trauma  settings.  For  example,  approximately  25% 
of  trauma  patients  have  impaired  hemostasis,  which  frequently 
goes  undetected  during  the  initial  hospitalization.  According  to  a 
study  in  the  Journal  of  the  American  College  of  Surgeons,  for  trauma 
patients  with  symptoms  of  impaired  hemostasis,  mortality  was 
reduced  from  45  to  19%  with  more  rapid  delivery  of  therapy. 
Existing  approaches,  however,  require  multiple  platform, 
generally  consume  1—25  mL  of  sample,  and  take  hours  to 
provide  results.  An  NMR  system  has  been  used  to  provide 
comprehensive  blood  clotting  measurements  in  less  than  20  min. 
Commercialized  by  T2Biosystems  as  T2HemoStat,  the  system 
measures  clotting  time,  fibrinolysis,  platelet  activity,  clot 
contraction,  and  clot  lysis.  The  test  is  based  on  the  unique  fact 
that,  in  normal  clots,  paramagnetic  red  blood  cells  form  closely 
packed  polyhedral  structures  (polyhedrocytes)  with  platelets  and 
fibrin,  which  leads  to  concomitant  changes  in  transverse 
relaxation  time.  The  platform  allows  for  comprehensive 
assessment  of  hemostatic  parameters  on  a  single  instrument  and 
provides  results  within  15  min  using  0.04  mL  of  blood  with 
minimal  sample  handling. 


10714 


DOI:  10.1 021  /cr500698d 
Chem.  Rev.  2015,  115,  10690-10724 


Chemical  Reviews 


Review 


8.4.  Other  Applications 

The  above  clinical  applications  represent  a  few  examples  of  what 
is  possible.  We  expect  that  many  more  applications  will  be 
developed,  now  that  highly  efficient  magnetic  nanoparticles, 
sensors,  and  imaging  systems  have  become  mainstream.  These 
applications  include  measurements  of  circulating  protein 
biomarker,62’350  exosomes,45  viruses,1  drugs,105  and  metabo¬ 
lites'51  among  others. 

9.  CONCLUSION  AND  PERSPECTIVES 

Magnetic  POC  technologies  have  seen  a  spectacular  rise  over  the 
past  few  years  for  good  reasons.  Compared  to  other  approaches, 
they  enable  analyses  in  “dirty”  samples,  i.e,  without  major 
purification.  This  is  possible  because  human  tissue  samples  are 
usually  devoid  of  magnetism.  Because  measurements  can  be 
directly  done  in  virtually  any  body  fluids  and  samples,  it 
eliminates  potential  sample  loss  and  speeds  up  the  analysis. 
Combined  with  genetic  detection  technologies, 52,176,345  the 
analytical  possibilities  are  endless. 

We  believe  that  there  are  a  number  of  future  developments 
which  could  make  magnetic  detection  technologies  even  more 
widespread:  (i)  for  early  disease  detection  where  lives  can  be 
saved  and  treatments  are  affordable,  (ii)  for  the  detection  of 
diseases  other  than  cancer  and  infection,  (iii)  for  use  in  consumer 
goods,  agriculture,  and  food/water  safety,  (iv)  in  applications 
where  magnetic  separation  and  analysis  are  integrated  in  a  single 
chip,  and  (v)  for  multifunctional  sensors  combining  magnetism 
with  other  modalities.  It  is  these  specific  applications  that  will 
drive  the  need  for  new  nanoparticle  characteristics,  affinity 
ligands,  and  magnetic  sensing  devices. 
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ABSTRACT  Microvesicles  (MVs)  are  an  increasingly  important  source  for  biomarker 
discovery  and  clinical  diagnostics.  The  small  size  of  MVs  and  their  presence  in  complex 
biological  environment,  however,  pose  technical  challenges  in  sample  preparation, 
particularly  when  sample  volumes  are  small.  We  herein  present  an  acoustic  nanofilter 
system  that  size-specifically  separates  MVs  in  a  continuous  and  contact-free  manner. 

The  separation  uses  ultrasound  standing  waves  to  exert  differential  acoustic  force  on 
MVs  according  to  their  size  and  density.  By  optimizing  the  design  of  the  ultrasound 
transducers  and  underlying  electronics,  we  were  able  to  achieve  a  high  separation  yield 
and  resolution.  The  "filter  size-cutoff"  can  be  controlled  electronically  in  situ,  which 
enables  versatile  MV-size  selection.  We  applied  the  acoustic  nanofilter  to  isolate  nanoscale  (<200  nm)  vesicles  from  cell  culture  media  as  well  as  MVs  in 
stored  red  blood  cell  products.  With  the  capacity  for  rapid  and  contact-free  MV  isolation,  the  developed  system  could  become  a  versatile  preparatory  tool 
for  MV  analyses. 
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With  the  growing  recognition  that 
microvesicles  (MVs)  can  be  har¬ 
nessed  for  diagnostic  purposes,1,2 
concomitantly  increasing  is  the  importance 
of  separation  technology  to  enrich  these 
vesicles  from  biofluids.  MVs  are  membrane- 
bound  phospholipid  vesicles  (<1  y<m  in 
diameter)  and  are  actively  secreted  by  mam¬ 
malian  cells  into  the  circulation.  The  vesicles 
carry  molecular  constituents  of  their  origi¬ 
nating  cells, 3-7  and  are  often  viewed  as 
partial  surrogates  of  parental  cells.  Although 
MVs  are  abundant  in  the  circulation  (>1012 
vesicles  in  1  mL  of  blood),  isolating  intact 
MVs  is  still  a  challenging  task  because  of 
their  small  size  and  presence  in  complex 
media.  Conventional  batch  processes  (e.g., 
multiple  filtration,  ultracentrifugation)  often 
require  larger  sample  volumes,  and  entail 
time-consuming,  extensive  procedures,8 
which  can  lead  to  sample  loss,  and  potential 
structural  or  molecular  changes. 

Acoustics-based  microfluidics  is  a  simple 
and  yet  robust  strategy  for  on-chip  particle 
manipulation.9-15  The  method  generally 
uses  ultrasound  waves  to  exert  radiation 
forces  on  particles;  under  the  acoustic 
pressure,  particles  experience  differential 


forces  according  to  their  mechanical  prop¬ 
erties  (size,  density,  compressibility).  The 
operation  is  label-free  and  can  be  per¬ 
formed  without  any  physical  contact  be¬ 
tween  the  field  sources  and  fluidics.  These 
advantages  render  the  technology  biocom¬ 
patible  and  ideally  suited  for  integration 
with  microfluidics.  Many  different  types  of 
acousto-microfluidic  systems  have  been  de¬ 
veloped  to  manipulate  micrometer-scale 
(>1  y<m)  objects  (e.g.,  mammalian  cells,16'17 
droplets,18  microspheres19  and  platelets20). 
Acoustic  separation  of  submicrometer  MVs, 
however,  has  yet  to  be  demonstrated.  A 
major  difficulty  in  such  implementation  is 
the  requirement  for  high  radiation  force, 
arising  from  the  small  size  and  low  com¬ 
pressibility  of  MVs. 

We  herein  report  on  an  acoustic  nanofil¬ 
ter  system  developed  to  separate  MVs  from 
other  contents  of  biological  samples.  We 
hypothesized  that  acoustic  forces  could  be 
used  to  fractionate  MVs  according  to  their 
size,  thereby  enabling  size-selective  MV  iso¬ 
lation  on  chip.  The  device  was  optimized, 
specifically  in  the  design  of  ultrasound 
transducers  and  its  electronics,  to  exert 
maximal  acoustic  force  on  MVs.  We  further 
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Figure  1.  Acoustic  nanofilter  for  label-separation  of  microvesicles  (MVs).  (A)  Scanning  electron  microscopy  image  of  MVs 
released  by  human  brain  tumor  cells  (GBM20/3).  The  size  of  MVs  are  typically  <1  /<m.  (B)  Filter  operation.  MVs  in  the  acoustic 
region  are  under  the  acoustic  radiation  pressure  and  transported  to  nodes  of  acoustic  pressure  region  (inset).  Larger  MVs 
move  faster  as  the  acoustic  force  is  proportional  to  the  MV  volume.  Sheath  flows,  positioned  at  the  node  region,  remove  large 
MVs,  whereas  the  center  flow  retains  small  MVs.  (C)  Device  schematic.  A  pair  of  interdigitated  transducer  (IDT)  electrodes  are 
used  to  generate  a  standing  surface  acoustic  wave  across  the  flow  direction.  Large  MVs  are  collected  at  the  two  side  outlets, 
and  small  MV  at  the  center  outlet.  (D)  Micrographs  of  a  prototype  device.  The  IDT  electrodes  were  patterned  on  a  piezoelectric 
(LiNCy  substrate.  The  fluidic  channel  was  permanently  bonded  to  the  substrate. 


constructed  an  analytical  model  to  fine-tune  the 
size  cutoff  as  well  as  to  estimate  the  separation  yields. 
The  developed  system  was  applied  to  sort  different 
types  of  extracellular  MVs.  We  isolated  exosomes 
(diameter  <200  nm)  from  cell  culture  medium  and 
erythrocyte-derived  vesicles  from  stored  blood  units. 
The  operation  was  fast  and  simple:  MVs  were  collected 
inside  a  single  microfluidic  device  in  a  label-free, 
continuous  and  size-tunable  manner.  The  developed 
system  could  be  a  versatile  preparatory  tool  for 
MV  analyses  to  further  extend  the  utility  of 
acoustofluidics. 

RESULTS 

Acoustic  Nanofilter.  The  acoustic  nanofilter  was  de¬ 
signed  to  separate  extracellular  MVs  (<  1  /<m;  Figure  1  A) 
through  in-flow  size-fractionation.  Figure  1 B  shows  the 
operation  principle.  Particles  in  an  acoustic  field  ex¬ 
perience  radiation  forces  and  migrate  toward  the 
pressure  nodes  (Figure  IB,  inset).  The  radiation  force 
is  proportional  to  the  particle  volume,12  whereas  the 
viscous  drag  to  the  particle  size.  Larger  particle  thus 
move  faster  to  the  pressure  nodes,  and  can  be  trans¬ 
ferred  into  sheath  streams  to  exit.  The  cutoff  size  (dc) 
can  be  determined  in  situ  through  the  control  of 
acoustic  power  and  flow  speed.  Because  the  filtering 
is  performed  in  a  continuous-flow  manner,  the  risk  of 
channel  clogging  is  minimized. 

The  device  schematic  is  illustrated  in  Figure  1C. 
A  pair  of  interdigitated  transducer  (IDT)  electrodes  are 


patterned,  and  used  as  an  ultrasound  source.  The  flow 
channel  has  two  inlets  for  sample  and  sheath  fluid, 
respectively,  and  is  designed  to  focus  the  sample  flow 
in  the  middle  of  the  channel.  The  IDT  electrodes 
generate  a  symmetric  standing  surface  acoustic  wave 
(SSAW)  field  across  the  channel  direction,  deflecting 
large  particles  toward  the  side  outlets;  small  particles 
are  collected  at  the  center  outlet. 

We  implemented  a  prototype  device  (Figure  1 D) 
using  LiNb03  piezoelectric  wafer  as  a  substrate.  The  IDT 
electrodes  were  patterned  via  standard  lithography 
(see  Materials  and  Methods  for  details).  The  fluidic 
structure,  separately  fabricated,  was  bonded  to  the 
SSAW  chip  (see  Supporting  Information  (SI)  Figure  SI 
for  details  on  the  device  structure).  We  chose  the 
acoustic  wavelength  X  =  100  /rm  to  accommodate  a 
wide  channel  width  (60  //m)  as  well  as  to  produce 
sufficient  acoustic  forces  (>0.1  pN  on  l-/<m  MVs).  The 
resulting  signal  frequency  for  SSAW  generation  was 
38.5  MFIz.  We  further  matched  the  impedance  be¬ 
tween  IDT  electrodes  and  the  signal  source  to  max¬ 
imize  the  energy  transfer.  The  frequency  response  of 
the  IDT  electrodes  was  measured,  and  the  equivalent 
circuit  was  generated  (SI  Figure  S2).  We  then  used  the 
L-matching  network  topology  to  transform  the  device 
impedance  to  that  of  a  signal  generator  (50  Q). 

Analytical  Model.  We  set  up  an  analytical  model  for 
the  implemented  acoustic  nanofilter.  The  acoustic 
force  (FJ  on  a  spherical  particle  (diameter,  d)  can  be 
expressed  as15 
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Figure  2.  Analytical  modeling  of  the  implemented  device.  (A)  Acoustic  force  (F„)  on  MVs  (diameter,  d  =  1000  nm)  was 
calculated  across  the  flow  direction.  Note  that  Fa  has  its  maximum  magnitude  inside  the  sheath  flow  region.  (B)  Trajectories  of 
MVs  with  different  diameters  were  simulated  along  the  flow  stream  (z-direction).  The  time  for  MVs  to  reach  the  sheath  flow  is 
~  d  2,  which  can  be  exploited  for  size-selective  MV  sorting.  (C)  The  separation  efficiency  (£)  was  obtained  by  estimating  the 
fraction  of  MVs  collected  in  the  center  outlet.  Higher  RF  input  power  (P)  leads  to  enrichment  smaller  MVs.  (D)  The  filter  size 
cutoff  (dc)  was  obtained  by  imposing  £  <  0.1 .  The  cutoff  values  can  be  set  by  controlling  the  input  RF  power  (P)  and  the  flow 
speed  (L/).  For  a  given  (P,  U)  setting,  MVs  with  d  <  dc  will  be  collected  in  the  center  channel.  Representative  dc  contour  lines  are 
shown.  This  map  was  used  to  set  the  device  parameters  in  the  subsequent  experiments. 
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where  p  is  the  acoustic  pressure,  /3m  is  the  compres¬ 
sibility  of  the  medium,  and  x  is  the  particle  position 
across  the  fluidic  channel  (Figure  2A).  The  acoustic 
pressure  is  further  determined  from  the  device  char¬ 
acteristics,  p  =  ( PZ/A)U 2  where  Z  is  the  acoustic  im¬ 
pedance  of  the  substrate,/!  is  the  IDT  area,  and  P  is  the 
power  of  the  input  signal.  The  mechanical  properties  of 
MVs  are  represented  by  the  acoustic  contrast  factor 
<t>  =  (5 pp  -  2pm)/(2pp  +  pj  -  0 3P  //3m),  where  pp  and  /3P 
are  the  density  and  the  compressibility  of  the  particle, 
respectively,  and  pm  is  the  density  of  the  media.  Since 
(f>  >  0,  MVs  in  aqueous  buffer  move  to  the  pressure 
nodes  where  Fa  has  its  extremum  values.  The  wave¬ 
length  2,  is  thus  controlled  to  position  the  nodes  in  the 
sheath  flow  region  (Figure  2A). 

The  motion  of  MVs  in  a  viscous  flow  can  be 
obtained  by  solving  Fa  +  Fd  =  0  where  Fa  is  the  acoustic 
force  and  the  Fd  is  the  viscous  drag  (see  Supporting 
Information  for  details).  Figure  2B  shows  the  simu¬ 
lated  trajectory  of  MVs  (pp  =  11 30  kg/m3,  /3p  =  3.5  x 
10-10  Pa-1)21  with  different  sizes  (d  =  200,  500,  and 
1000  nm)  in  an  aqueous  medium  (pm  =  1000  kg/m3, 
/3m  =  5.1  x  10-10  Pa-1).  Because  the  acoustic  force  is 
proportional  to  the  particle  volume  and  the  drag  force 
to  the  particle  diameter,  larger  MVs  move  faster  to  the 
pressure  nodes.  Indeed,  the  transit  time  (f0)  of  MVs 


moving  from  the  channel  center  to  the  sheath  flow  is 
~1/d2,  which  enables  size-selective  MV  separation. 

We  further  analyzed  the  separation  efficiency  (£). 
As  an  initial  input,  we  assumed  a  monodisperse  MV 
population  (diameter,  d)  entering  the  sample  channel. 
We  then  calculated  the  MV  fraction  collected  at  the 
center  outlet  after  the  acoustic  filtration  (SI  Figure  S3). 
Figure  2C  shows  £  with  varying  MV  size.  For  a  given 
flow  rate  ( U )  and  the  channel  length  (/.),  higher  input 
power  (P)  leads  to  steeper  rejection  of  large  MVs.  By 
determining  the  minimum  d  value  for  £  <  0.1,  we  then 
estimated  the  size  cutoff  ( dc )  of  the  device  (Figure  2D 
and  Supporting  Information).  Note  that  the  cutoff 
can  be  readily  adjusted  in  the  optimal  size  ranges 
(100—1000  nm)  for  MV  fractionation,  by  controlling 
the  operation  parameters  (P  and  U). 

System  Evaluation.  We  validated  the  device  perfor¬ 
mance  using  polystyrene  beads.  Samples  were  pre¬ 
pared  by  mixing  two  differently  sized,  fluorescent 
polystyrene  beads  (green,  d  =  190  nm;  red,  d  = 
1000  nm)  in  phosphate  buffered  saline  (PBS)  solution. 
Prior  to  sample  injection,  the  fluidic  channel  was  sur¬ 
face-treated  (0.1%  FI  27  in  PBS)  to  prevent  nonspecific 
binding  of  particles.  We  set  the  operation  parameters 
(P  =  0.5  W,  U  =  2.8  mm/s)  to  achieve  dc  =  470  nm; 
the  acoustic  contrast  factor  <j>  was  0.76,  based  on  the 
density  (pp  =  1050  kg/m3)  and  the  compressibility 
(/3p=  1.5  x  1 0-10  Pa-1)  of  polystyrene  beads. 
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Figure  3.  Filter  validation  with  polystyrene  particles.  (A)  Fluorescent  particles  of  different  size  (d  =  190  nm,  green; 
d  =  1000  nm,  red)  were  mixed  and  processed  by  the  acoustic  nanofilter.  Trajectories  from  the  numerical  simulation  (left) 
and  the  experimental  result  (right)  showed  good  agreement,  with  small  and  large  particles  respectively  exiting  to  the  center 
and  the  side  outlets.  (B)  Particle  size  distribution  measured  by  dynamic  light  scattering  confirmed  the  size-selective 
enrichment  of  particles.  (C)  The  recovery  rate  was  estimated  by  comparing  the  fluorescence  intensities  of  samples  before 
and  after  the  filtration.  The  observed  recovery  rate  was  >90%  for  both  particles. 


Fluorescence  microscopy  (Figure  3A,  right)  showed 
size-dependent  separation  of  beads  along  the  fluidic 
stream.  Larger  particles  (red)  migrated  to  the  sheath 
streams  and  exited  through  the  side  outlets,  whereas 
smaller  particles  (green)  were  collected  at  the  center 
outlet  (see  SI  Movie  SI  for  time-lapse  images).  The 
observed  results  agreed  with  those  from  hydrody¬ 
namic  simulation  (Figure  3A,  left).  The  size  distribution 
of  particles,  as  measured  by  dynamic  light  scattering, 
further  confirmed  the  device  operation.  We  observed  two 
distinct  size  groups  in  the  initial  mixture;  these  groups 
were  correctly  sorted  in  separate  outlets  after  the  acoustic 
nanofiltration  (Figure  3B).  The  separation  efficiency 
was  determined  from  the  fluorescence  intensity  of  the 
collected  particles  and  showed  >90%  for  both  small  and 
large  particles  (Figure  3C).  We  further  monitored  the 
separation  efficiency  at  different  bead  concentrations. 
Samples  were  prepared  by  spiking  varying  amounts  of 
small  beads  (190  nm)  into  the  suspension  of  large  beads 
(1000  nm).  The  acoustic  nanofilter  maintained  a  consis¬ 
tent  separation  efficiency  (>90%)  with  the  dynamic  range 
spanning  2  decades  (SI  Figure  S4). 

Exosome  Purification.  We  next  applied  the  acoustic 
nanofilter  to  enrich  exosomes  from  other  types  of  ex¬ 
tracellular  MVs.  The  size  of  exosomes  is  considered1,22 
<  200  nm.  We  thus  tuned  the  device  setting  (P  =  1 .5  W, 


U  =  1 .5  mm/s)  to  set  the  size  cutoff  dc  =  300  nm  for 
exosome  isolation,  using  the  acoustic  contrast  factor 
<f)  =  0.38  for  lipid  vesicles  (pp  =1130  kg/m3,  pp  =  3.5  x 
10~10  Pa-1).21,22  For  quantitative  analyses,  exosomes 
and  larger  MVs  were  prepared  from  cell  culture  media 
via  filtration  and  ultracentrifugation  (see  Materials  and 
Methods),  and  were  independently  labeled  with  green 
and  red  fluorescence,  respectively.  Known  amounts  of 
exosomes  and  larger  MVs  were  then  mixed  and  pro¬ 
cessed  by  the  acoustic  nanofilter. 

Figure  4A  shows  the  size  distribution  of  samples 
measured  by  nanoparticle-tracking  analysis  (NTA)  sys¬ 
tem.  The  initial  mixture  displayed  two  vesicle  popula¬ 
tions  with  their  median  diameter  positioned  at  1 49  and 
410  nm,  respectively.  Following  the  acoustic  filtration, 
the  small  and  large  particle  populations  were  sepa¬ 
rated  into  the  center  and  side  outlets,  respectively  (see 
SI  Figure  S5  for  electron  micrographs).  The  recovery 
rates,  estimated  from  fluorescence  intensity  measure¬ 
ments,  were  >80%  for  exosomes  and  >90%  for  larger 
MVs  (Figure  4B).  Western  blotting  (Figure  4C)  and 
immunofluorescent  microscopy  (SI  Figure  S5b)  further 
showed  the  enrichment  of  exosomes.  Samples  at  the 
center  outlet  displayed  high  expression  of  exosomal 
markers,  both  extravesicular  (CD63)  and  intravesicular 
(Flotillin-1,  HSP70,  FISP90),  whereas  the  expression  of 
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Figure  4.  Exosome  separation.  (A)  The  acoustic  nanofilter  was  used  to  separate  exosomes  ( d  <  200  nm)  from  other  types  of 
extracellular  MVs.  The  size  cutoff  ( dc )  was  set  to  300  nm  by  controlling  P  =  1 .5  W  and  U  =  1 .5  mm/s  (see  Figure  2D).  The  size 
distribution  of  samples  after  the  acoustic  filtration  was  measured  via  nanoparticle  tracking  analysis  (NTA),  which  showed  the 
respective  enrichment  of  small  and  large  vesicles  in  the  center  and  the  side  outlets.  (B)  The  recovery  rate  was  measured  using 
a  mixture  of  prestained  exosomes  and  bigger  MVs.  (C)  Western  blotting  further  confirmed  the  enrichment  of  exosomes. 
Vesicles  collected  at  the  center  outlet  displayed  high  expression  of  exosome  protein  markers  (CD63,  Flotillin-1,  FISP90, 
FISP70).  MVs  at  the  side  outlets  had  high  expression  of  /?1  -integrin,  a  marker  for  larger  membrane  MVs. 


Side  outlets  Center  outlet  Particle  size  (nm)  Days  in  storage 


Figure  5.  Monitoring  of  MVs  in  packed  red  blood  cell  (pRBC)  units.  (A)  As  a  part  of  their  aging  process,  red  blood  cells  (RBCs) 
shed  MVs.  In  stored  pRBC  units,  MV  numbers  thus  increase  over  time.  The  acoustic  nanofilter  was  used  to  enrich  RBC-derived 
MVs  directly  from  pRBC  samples.  The  size  cutoff  (dc)  was  set  to  450  nm.  (B)  The  size  distribution  of  collected  MVs  was  analyzed 
by  NTA.  A  single  MV  population  with  the  mean  d  =  90.9  nm  was  observed,  (c)  The  concentration  of  RBC-derived  MVs  [MVRBC] 
was  serially  monitored  in  pRBC  units  (n  =  5).  The  acoustic  nanofilter  was  used  to  collect  MVs  from  10  of  pRBC  samples. 
The  average  [MVRBd  value  increased  with  the  storage  time. 


other  vesicular  marker  (Integrin  /31 )  was  low.  The 
profile  was  reverse  with  MVs  collected  at  the  side 
outlets.  The  results  also  pointed  to  the  vesicle  integrity, 
demonstrating  negligible  acoustic  damage  from  bub¬ 
ble  cavitation. 

MV  Separation  from  Red  Blood  Cells.  We  further  applied 
the  acoustic  filter  to  purify  MVs  in  packed  red  blood  cell 
(pRBC)  units.  As  a  part  of  their  aging  process,  RBCs  shed 
MVs  (Figure  5A),  effectively  removing  toxic,  denatured 
hemoglobin  and  membrane  proteins.  In  stored  blood 
units,  the  number  of  these  RBC-derived  MVs  increases 
over  time.23-25  MV  separation  and  counting  thus  can 
be  applied  in  monitoring  the  quality  of  blood  products. 
To  separate  MVs  from  RBCs,  we  set  the  size  cutoff 


dc  =  450  nm  (P=1.5W,U  =  2.5  mm/s).  pRBC  samples 
were  directly  processed  by  the  acoustic  filter.  RBC-MVs 
were  enriched  at  the  center  outlet,  whereas  RBCs  were 
streamed  to  the  side  outlets.  The  size  of  the  collected 
RBC-MVs  was  <200  nm  (Figure  5B),  in  agreement  with 
previous  reports.25  The  performance  of  the  acoustic 
filtration  was  as  effective  as  that  of  a  standard  method 
(see  Materials  and  Methods);  the  enriched  MVs  as¬ 
sumed  a  similar  size  distribution,  and  the  separation 
yields  were  comparable  (SI  Figure  S6).  We  also  moni¬ 
tored  the  temporal  changes  of  RBC-MV  counts.  Stored 
pRBCs  units  (n  =  5)  were  sampled  (10/<L  per  sample  per 
time  point)  and  processed  at  different  time  points. 
RBC-MVs  were  collected  by  the  acoustic  nanofilter. 
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RBC-MV  numbers,  measured  by  NTA,  indeed  signifi¬ 
cantly  increased  over  time  (p  <  0.03,  ANOVA),  thereby 
confirming  their  potential  as  a  metric  of  blood  aging. 

CONCLUSION 

We  have  developed  an  acoustic-based  microfluidic 
system  for  label-free  and  continuous  filtration  of  MVs. 
We  identified  two  key  parameters  which  are  important 
in  assuring  efficient  manipulation:  (i)  high  ultrasound 
frequency  and  (ii)  efficient  energy  transfer  to  the  sound 
transducer.  We  met  these  requirements  by  optimizing 
the  transducer  geometry  (IDT  electrodes)  and  by  utiliz¬ 
ing  the  impedance  matching  network.  The  resulting 
system  achieved  >90%  separation  yields,  and  allowed 
for  in  situ  control  of  size  cutoff.  Analytical  and  numer¬ 
ical  analyses  validated  experimental  observations,  and 
guided  the  setting  of  device  parameters  for  specific  MV 
targets. 

The  developed  system  could  be  a  potential  prepara¬ 
tory  tool  for  MV  analyses.  Compared  to  conventional 
isolation  methods  (e.g.,  ultracentrifugation,  membrane 


filtration),  acoustic  filtering  is  fast,  gentle  on  vesicles, 
and  compatible  with  limited  sample  volumes.  It 
also  provides  an  easy  approach  to  change  the  size- 
cutoff.  In  this  study,  we  performed  a  binary  separation 
(exosomes  vs  larger  vesicles;  microvesicles  vs  red  blood 
cells).  By  cascading  the  separation  regions  with  differ¬ 
ent  size-cutoffs,  it  would  be  possible  to  differentiate 
multiple  types  of  vesicles  according  to  their  size  profile 
(e.g.,  exosomes,  oncosomes,  apoptotic  bodies).21,26-28 

Several  aspects  of  the  system  could  be  further  devel¬ 
oped  to  expand  its  functionality.  First,  different  trans¬ 
ducer  designs,  such  as  slanted-fingers29  and  tilted-angle 
electrodes,30  could  be  investigated  to  better  control  the 
acoustic  force  and  improve  the  sample  throughput. 
Second,  integrating  analytical  components  (e.g.,  sen¬ 
sors,  polymerase  chain  reaction)  into  the  same  platform 
would  be  another  promising  approach  to  realize  a 
portable  lab-on-chip  for  MV  analyses.  Such  advances 
will  facilitate  both  clinical  applications  and  biological 
studies  of  MVs,  as  well  as  extend  the  utility  of  acoustic 
microfluidics  toward  the  nanoscale  regime. 


MATERIALS  AND  METHODS 

Device  Fabrication.  The  acoustic  nanofilter  consisted  of  two 
parts:  a  standing-surface-acoustic-wave  (SSAW)  chip  and  a 
microfluidic  channel.  The  SSAW  chip  was  fabricated  on  a  piezo¬ 
electric  substrate.  A  LiNb03  wafer  with  XY  128°  cut  was  pur¬ 
chased  (University  Wafer).  Interdigitated  transducer  (IDT) 
electrodes  were  patterned  via  conventional  optical  lithography, 
and  metal  layers  (Ti,  50  A;  Au,  800  A)  were  deposited.  The 
patterned  wafer  was  then  cut  into  a  desired  size  (21  mm  x 
21  mm)  with  a  dicing  saw.  The  microfluidic  structure  was 
fabricated  in  polydimethylsiloxane  (PDMS;  Dow  Corning)  via 
soft-lithography  technique.  The  channel  mold  was  formed  on 
a  Si  wafer,  using  an  epoxy-based  photoresists  (SU-8  2050, 
Microchem).  The  cross-section  of  the  channel  was  60  /< m  x 
80  fim  (width  x  height).  Both  the  SSAW  chip  and  the  micro¬ 
fluidic  block  were  treated  with  oxygen  plasma,  aligned  and 
irreversibly  bonded.  We  used  ethanol  as  a  temporary  lubricant 
during  the  alignment.  To  strengthen  the  bonding,  the  assembly 
was  cured  on  a  hot  plate  (80  °C)  for  overnight. 

System  Setup.  As  a  RF  source,  a  signal  generator  (Agilent, 
N5158a)  and  power  amplifiers  (Mini  circuits,  TB-45)  were  used. 
The  device  operation  was  monitored  by  an  inverted  fluores¬ 
cence  microscope  (Ti-E,  Nikon).  Images  were  recorded  by 
a  scientific-CMOS  camera  (Zyla  5.5,  Andor)  and  analyzed  by 
Image-J  software. 

Separation  Assay  with  Polystyrene  Particles.  Fluorescent  polysty¬ 
rene  particles  with  diameters  of  190  nm  (Dragon  Green,  Bangs 
laboratory)  and  1000  nm  (Flashred,  Bangs  laboratory)  were 
used.  Varying  concentration  of  both  particles  were  mixed  in 
phosphate  buffered  saline  (PBS)  solution.  Aliquots  (50/rL)  of  the 
particle  mixture  were  then  processed  by  the  acoustic  nanofilter. 
The  size  distribution  of  particles  at  the  sample  inlet  and  outlets 
were  measured  by  dynamic  light  scattering  (Zetasizer  Nano  ZS, 
Malvern  Instruments).  To  estimate  the  separation  yields,  the 
fluorescence  intensities  of  the  original  and  the  separated 
samples  were  measured  at  the  emission  wavelength  of  513 
and  680  nm  (Varian  Cary  Eclipse,  Agilent). 

Exosome  Separation.  Microvesicles  (MVs)  were  isolated  from 
cell  culture.  Human  ovarian  carcinoma  cells  (OvCA429,  ATCC) 
were  cultured  in  RPMI-1640  medium  (Cellgro)  supplemented 
with  fetal  bovine  serum  (FBS,  Cellgro,  10%),  penicillin  and 
streptomycin  (Cellgro,  1%),  and  L-glutamine  (1%).  Cells  were  cul¬ 
tured  at  37  °C  in  a  humidified  atmosphere  containing  5%  C02. 


Cells  at  passages  1-15  were  cultured  in  vesicle-depleted 
medium  (with  5%  depleted  FBS)  for  48  h.  At  their  70%  con¬ 
fluence,  conditioned  culture  medium  was  collected  from  ~107 
cells  and  differentially  centrifuged  to  isolated  larger  MVs  as 
previously  described.7  In  brief,  the  medium  was  filtered  through 
a  membrane  filter  (0.8  /rm  pore,  Millipore)  and  centrifuged 
(lOOOOg,  90  min).  The  pellet  was  retrieved  as  a  large  MV  frac¬ 
tion.31  Remaining  supernatant  was  filtered  through  a  0.22-/<m 
membrane  filter  (Millipore)  and  concentrated  by  differential 
centrifugation  (lOOOOOg,  90  min)  to  isolate  exosomes.  Vesicle 
size  was  independently  confirmed  by  the  nanoparticle  tracking 
analysis  (NTA;  LM1 0,  NanoSight).  Exosomes  and  larger  MVs  were 
labeled  respectively  with  green  and  red  fluorescent  cell  mem¬ 
brane  dyes  (PKH67  and  PKH26,  Sigma-Aldrich)  before  being 
mixed  for  sorting.  The  mixture  (50  pL)  was  processed  by  the 
acoustic  nanofilter.  The  sorted  populations  were  analyzed  for 
their  size  distribution  and  fluorescence  intensity  as  described 
above. 

Western  Blotting.  Isolated  MVs  were  lysed  in  radio-immuno- 
precipitation  assay  buffer  and  supplemented  with  protease 
inhibitors  (RIPA  buffer,  Thermo  Scientific).  MV  samples  were 
collected  from  the  outlets  of  the  microfluidic  device  and  stored 
at  -20  °C  before  analysis.  Protein  concentration  was  quantified 
using  the  bicinchoninic  acid  assay  (BCA  assay  kit,  Thermo 
Scientific).  Protein  lysates  were  loaded  and  resolved  by  sodium 
dodecyl  sulfate  polyacrylamide  gel  electrophoresis  (SDS-PAGE) 
and  transferred  to  PVDF  membrane  (Life  Technologies).  The 
PVDF  membrane  was  then  incubated  overnight  with  antibodies 
against  CD63  (Santa  Cruz),  Flotillin-1  (BD  Biosciences),  HSP90  (Cell 
Signaling),  HSP70  (Cell  Signaling)  and /?  1  -integrin  (Cell  Signaling). 
Following  incubation  with  secondary  antibody  (Cell  Signaling), 
enhanced  chemiluminescence  was  used  for  detection. 

MV  Isolation  from  Stored  Red  Blood  Cell  (RBC)  Units.  Packed  RBC 
(pRBC)  units  were  obtained  from  the  Massachusetts  General 
Hospital  (MGH)  Blood  Bank  (Boston,  MA).  The  units  were 
preserved  in  Adsol  solution,  and  stored  at  4  °C.  For  serial  MV 
monitoring,  a  10-pL  sample  was  drawn  from  each  pRBC  unit 
using  a  sterile  coupler  and  25G  needle,  after  7, 28,  and  42  days  of 
storage.  All  samples  were  used  directly  for  sorting  with  the 
acoustic  nanofilter.  The  standard  MV  samples  were  prepared  via 
differential  centrifugation  steps  (400g  20  min,  lOOOOg,  3  min) 
followed  by  membrane  filtration  (0.22  /<m  pore).  The  size 
distribution  and  concentration  of  MVs  were  measured  by  NTA. 
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The  widespread  distribution  of  smartphones,  with  their  integrated 
sensors  and  communication  capabilities,  makes  them  an  ideal 
platform  for  point-of-care  (POC)  diagnosis,  especially  in  resource- 
limited  settings.  Molecular  diagnostics,  however,  have  been  diffi¬ 
cult  to  implement  in  smartphones.  We  herein  report  a  diffraction- 
based  approach  that  enables  molecular  and  cellular  diagnostics. 
The  D3  (digital  diffraction  diagnosis)  system  uses  microbeads  to 
generate  unique  diffraction  patterns  which  can  be  acquired  by 
smartphones  and  processed  by  a  remote  server.  We  applied  the  D3 
platform  to  screen  for  precancerous  or  cancerous  cells  in  cervical 
specimens  and  to  detect  human  papillomavirus  (HPV)  DNA.  The 
D3  assay  generated  readouts  within  45  min  and  showed  excellent 
agreement  with  gold-standard  pathology  or  HPV  testing,  respec¬ 
tively.  This  approach  could  have  favorable  global  health  applica¬ 
tions  where  medical  access  is  limited  or  when  pathology  bottle¬ 
necks  challenge  prompt  diagnostic  readouts. 
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The  rapid  dissemination  of  electronic  communication  devices 
such  as  smartphones,  tablets,  and  wearable  electronics,  all 
with  integrated  sensors,  creates  new  possibilities  for  inexpensive 
point-of-care  (POC)  diagnostics  and  care  delivery.  One  example 
is  detecting  cancer  in  low-  and  middle-income  countries  where 
limited  resources  and  geographical  constraints  often  lead  to  missed 
opportunities  for  intervention,  resulting  in  mortalities  even  with 
treatable  cancers  (1).  Current  efforts  to  control  cancer  thus  focus 
on  implementing  population-based  early  screening  programs;  a 
key  element  for  success  is  a  cost-effective,  robust  diagnostic  plat¬ 
form  that  can  be  readily  deployed  into  POC  settings  (2).  Whereas 
conventional  microscopy  of  human  samples  (smears,  aspirates, 
biopsies,  blood)  is  the  most  widely  used  to  diagnose  cancer,  its 
POC  adaptation  is  limited  by  inherent  drawbacks  such  as  bulky 
optics,  requirements  for  trained  microscopists,  and  operator- 
dependent  variability. 

Recent  advances  in  digital  sensors  and  computational  ap¬ 
proaches  have  introduced  new  microscopy  techniques.  Digital 
holography,  in  particular,  has  emerged  as  one  alternative  to  con¬ 
ventional  bright-field  microscopy.  Following  the  initial  description 
of  lens-free  holography  by  Kreuzer  s  group  (3),  various  diffraction- 
based  imaging  systems  have  been  developed  (4-8).  The  majority  of 
recent  work,  however,  is  based  on  identifying  targets  by  their  in¬ 
herent  morphology  (e.g.,  blood  cells,  bacteria,  Caenorhabditis  ele- 
gans)  (4,  9-14).  We  reasoned  that  it  would  be  possible  to  impart 
molecular  specificity  to  improve  disease  detection  and  phenotyp- 
ing  akin  to  other  molecular  profiling  strategies  (15,  16). 

Here  we  describe  a  digital  diffraction  diagnostics  (D3) — a  com¬ 
putational  analysis  of  distinct  diffraction  patterns  generated  by 
microbeads  that  bind  to  biological  target  of  interest.  The  strategy 
can  detect  a  broad  range  of  targets  (SI  Appendix,  Table  SI):  soluble 
proteins,  nucleic  acids,  or  cellular  proteins.  To  provide  effective 


POC  operation  at  remote  sites,  we  adopted  a  client-server  model: 
the  data  acquired  by  a  smartphone  were  digitally  processed  by  a 
remote  parallel-computing  server.  We  tested  the  approach  by 
exploring  cancer  cell  profiling  with  immunomicrobeads.  Diffraction 
patterns  generated  by  microbeads  were  detected  with  a  smart¬ 
phone  camera  in  a  bright-field  setting,  and  digital  processing 
reconstructed  the  images  of  bead-bound  cells  to  retrieve  molec¬ 
ular  information.  The  assay  protocol  enabled  molecular  analyses 
on  >104  individual  cells  in  a  single  still  image,  with  the  entire 
assay  complete  in  45  min.  As  an  initial  proof-of-principle  in  hu¬ 
man  clinical  samples,  we  used  D3  to  screen  for  cervical  cancer,  the 
third  most  prevalent  cancer  in  women  worldwide,  with  80%  of 
cases  occurring  in  resource-limited  countries  (16).  Cellular  analyses 
using  the  D3  assay  reliably  identified  patients  at  high  clinical  risk 
for  malignancy.  To  show  its  versatility,  we  further  extended  the  D3 
assay  to  other  disease  targets,  including  human  papillomavirus 
(HPV)  DNA  and  lymphoma  cell  detection  in  fine-needle  aspirates. 

Results 

D3  Platform.  The  D3  assay  for  cell  detection  is  illustrated  in  Fig. 
L4.  Specimens  are  obtained  from  minimally  invasive  procedures 
(e.g.,  smears,  brushings,  fine-needle  aspiration,  blood  draw),  and 


Significance 

Smartphones  and  wearable  electronics  have  advanced  tre¬ 
mendously  over  the  last  several  years  but  fall  short  of  allowing 
their  use  for  molecular  diagnostics.  We  herein  report  a  generic 
approach  to  enable  molecular  diagnostics  on  smartphones.  The 
method  utilizes  molecular-specific  microbeads  to  generate  unique 
diffraction  patterns  of  "blurry  beads"  which  can  be  recorded  and 
deconvoluted  by  digital  processing.  We  applied  the  system  to 
resolve  individual  precancerous  and  cancerous  cells  as  well  as  to 
detect  cancer-associated  DNA  targets.  Because  the  system  is 
compact,  easy  to  operate,  and  readily  integrated  with  the  stan¬ 
dard,  portable  smartphone,  this  approach  could  enable  medical 
diagnostics  in  geographically  and/or  socioeconomically  limited 
settings  with  pathology  bottlenecks. 


Author  contributions:  R.W.  and  H.L.  oversaw  all  research  studies;  H.I.,  C.M.C.,  R.W.,  and  H.L. 
designed  individual  projects;  C.M.C.,  M.A.-W.,  O.Z.,  and  R.W.  designed  clinical  studies  and 
obtained  samples;  H.I.,  H.S.,  J.S.,  D.P.,  C.M.,  O.Z.,  J.R.,  and  B.M.  performed  research;  C.M.C., 
H.S.,  M.L.,  D.P.,  and  J.R.  contributed  new  reagents/analytic  tools;  H.I.,  C.M.C.,  H.S.,  M.L.,  J.S., 
D.P.,  L.F.,  C.M.,  M.A.-W.,  O.Z.,  J.R.,  B.M.,  R.H.T.,  M.P.,  R.W.,  and  H.L  analyzed  data;  and  H.I., 
C.M.C.,  R.W.,  and  H.L  wrote  the  paper. 

The  authors  declare  no  conflict  of  interest. 

This  article  is  a  PNAS  Direct  Submission. 

1  H.l.  and  C.M.C.  contributed  equally  to  this  work. 

2Present  address:  Cardno  ChemRisk,  San  Francisco,  CA  94105. 

3To  whom  correspondence  may  be  addressed.  Email:  rweissleder@mgh.harvard.edu  or 
hlee@mgh.harvard.edu. 

This  article  contains  supporting  information  online  at  www.pnas.org/lookup/suppl/doi:10. 
1 073/pnas.l  501 81 51 1 2/-/DCSupplemental. 


www.pnas.org/cgi/doi/10.1073/pnas.15018151 12 


PNAS  Early  Edition  |  1  of  6 


ENGINEERING 


Fig.  1.  D3  platform.  (A)  Assay  schematic  for  cellular  detection.  Target  cells 
in  patient  samples  (e.g.,  blood  or  biopsy)  are  immunolabeled  with  microbeads, 
and  their  diffraction  patterns  are  recorded.  The  diffraction  images  are  then 
digitally  reconstructed  into  object  images  wherein  bead-labeled  target  cells  are 
identified.  For  the  detection  of  other  types  of  targets,  see  SI  Appendix,  Table 
SI.  (fi)  The  snap-on  module  for  a  smartphone  consists  of  an  LED  powered  by  a 
coin  battery,  a  pinhole  for  uniform  illumination  with  partial  coherence,  and  a 
sample  mount.  (C)  The  D3-mounted  smartphone's  embedded  phone  camera  is 
used  to  record  the  diffraction  images  of  the  specimen.  The  recorded  images  are 
transferred  to  a  server  via  the  cloud  service  for  real-time  image  reconstruction 
and  analyses,  which  can  be  returned  to  the  smartphone  in  less  than  2  min. 


through  an  iterative  optimization  (19-21).  In  each  iteration,  the 
routine  applied  physical  constraints  (i.e.,  light  transmittance  and 
object  supports)  to  a  reconstructed  object  image  and  updated  the 
corresponding  diffraction  patterns  with  retrieved  phase  infor¬ 
mation  (see  Materials  and  Methods  for  details).  The  method 
provided  high  phase  contrast  between  cells  and  microbeads  (Fig. 
2 B).  Each  type  could  be  easily  distinguished,  even  when  the  size 
was  similar  (SI  Appendix,  Fig.  S4). 

Following  reconstruction,  images  were  processed  by  the  detec¬ 
tion  routine.  The  algorithm  generated  transmittance  and  phase- 
correlation  maps  by  scanning  a  microbead  reference  image  over 
the  reconstructed  images  (SI  Appendix,  Fig.  S5).  Cells  and 
microbeads  could  be  differentiated  from  the  transmittance  and 
phase  correlations,  respectively.  Subsequently,  cells  labeled  with 
microbeads  were  automatically  identified,  and  their  individual 
bead  counts  were  recorded. 

To  accelerate  imaging  analyses,  we  used  a  server  equipped 
with  a  graphics  processing  unit  (GPU).  The  code  executed  mas¬ 
sively  parallel  image  processing  threads  (>5,000)  using  its  multi¬ 
core  processors,  which  permitted  near-instantaneous  image  re¬ 
construction  and  postanalyses  (SI Appendix,  Table  S2).  For  instance, 
using  a  448-core  GPU  (Tesla  C-2070),  a  16-bit  1024  x  1024  dif¬ 
fraction  pattern  could  be  analyzed  within  90  ms,  ~3, 000-fold  faster 
than  relying  on  a  conventional  central  processing  unit  (4  cores 
2.4  GHz;  Fig.  2C). 

We  adopted  an  encrypted  cloud  storage  for  data  transfer.  The 
scheme  provides  a  buffer  for  asynchronous  communication  be¬ 
tween  smartphones  and  the  server,  and  is  readily  scalable  to 
global  networks.  To  minimize  data  transfer  time,  especially  from 


cells  are  labeled  with  molecular-specific  microbeads.  Labeled  sam¬ 
ples  are  placed  directly  on  the  imaging  device.  Interference  patterns 
between  scattered  light  from  the  specimen  and  the  reference  light 
are  recorded  (17,  18).  Digital  signal  processing  then  recovers  and 
analyzes  object  images.  Because  individual  cells  are  spatially  re¬ 
solved  and  only  target-cell-associated  beads  are  counted,  there  is 
no  need  for  washing  steps,  leading  to  simplified  assays.  Selective 
microbead  binding  is  critical  to  distinguishing  target  cells  from 
other  host  cells  and  quantitatively  profiling  protein  markers  in 
individual  cells. 

To  perform  the  D3  assay  in  POC  settings,  we  implemented  a 
portable  sensing  terminal  that  uses  the  embedded  optics  and 
communication  functions  of  a  smartphone  (Fig.  IB).  We  con¬ 
structed  a  snap-on  module,  containing  both  a  light  source  and 
sample  insert,  to  mount  over  the  phone  camera  (SI Appendix,  Fig. 
SI).  The  acquired  diffraction  patterns  were  transferred  to  a  ded¬ 
icated  server  for  postprocessing  (SI  Appendix,  Fig.  S2).  Following 
this  step,  the  analytical  readouts  (e.g.,  target  cell  counts,  bead 
counts  per  cell)  and  reconstructed  images  were  sent  back  to  the 
smartphone  for  display.  This  scheme  frees  the  sensing  terminals 
from  heavy  computation  load,  thereby  making  their  implemen¬ 
tation  simple  and  cost-effective.  All  data  were  communicated 
through  a  secure  cloud  service,  and  we  programmed  a  user-friendly 
interface  to  streamline  the  process  (SI Appendix,  Movie  SI).  The 
system  had  a  wide  field-of-view  (FOV),  whereas  microscopic  res¬ 
olution  could  be  achieved  through  numerical  reconstruction.  The 
FOV  and  the  spatial  resolution  for  iPhone  4S  were  14  mm2  and 
2  pm,  respectively.  Alternatively,  a  miniaturized  imager  connected 
to  a  local  computer  can  be  used  (e.g.,  MT9P031,  Aptina  Imaging 
Inc.;  SI  Appendix,  Fig.  S3),  which  had  an  FOV  and  spatial  reso¬ 
lution  of  24  mm2  and  2  pm,  respectively. 

D3  Processing.  To  accurately  detect  bead-bound  target  cells,  we 
formulated  a  processing  algorithm  for  image  reconstruction  and 
postanalysis  (Fig.  24).  The  reconstruction  was  based  on  the 
Rayleigh-Sommerfeld  diffraction  principle  but  was  extended  to 
digitally  retrieve  both  transmittance  and  phase  shift  of  objects 
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Fig.  2.  Real-time  reconstruction  and  counting  process.  (A)  Diagram  of  re¬ 
construction  and  counting  algorithm.  A  diffraction  image,  normalized  by  a 
reference  image  obtained  in  the  absence  of  specimens,  is  reconstructed 
through  an  iterative  process.  Following  the  image  reconstruction,  cells  and 
beads  are  detected  using  a  counting  algorithm,  which  scanned  a  reference 
image  of  a  microbead  over  the  reconstructed  image.  ( B )  Examples  of  the  image 
reconstruction.  Raw  diffraction  patterns  of  cancer  cells  and  7-|im  microbeads 
show  undecipherable  patterns.  The  reconstruction  algorithm  recovers  both 
transmittance  and  phase  information.  Cells  and  microbeads  can  be  differ¬ 
entiated  from  their  high  phase  contrast.  The  bead-bound  cells  are  automat¬ 
ically  identified,  and  the  bead  numbers  are  counted.  The  transmittance 
(green)  and  phase  contrast  (red)  images  are  pseudocolored  to  better  visualize 
optical  properties  of  cells  and  beads.  (C)  Computational  time  for  image  re¬ 
construction  and  cell/bead  counting  (1-MB  pixel  image)  with  and  without 
GPU-implemented  systems. 
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Fig.  3.  High-throughput  cell  and  bead  identification.  (A)  Diffraction  and 
reconstructed  images  of  7-pm  microbeads  at  a  concentration  of  5  x  107 
beads  per  mL.  More  than  105  objects  can  be  detected  at  microscopic 
resolution  from  a  single  image  (also  see  SI  Appendix,  Fig.  S7).  (6)  Com¬ 
parison  between  the  D3-counted  microbeads  and  leukocytes  and  their 
expected  counts.  Note  the  linearity  (fi2  >  0.97)  even  at  very  high  bead 
or  cell  concentrations  (4  x  10s  beads  per  mL  and  1  x  10s  cells  per  mL). 
(C)  Temporal  image  reconstruction  of  cells  in  flow.  Diffraction  images 
were  recorded  at  4  frames  per  s  and  reconstructed  in  real  time  by  the  D3 
server.  A  bead-labeled  cancer  cell  (black  arrow),  a  nontargeted  cell  (red), 
and  a  free-floating  microbead  (blue)  are  automatically  identified.  (Inset) 
High-resolution  details  of  the  bead-labeled  cell  undergoing  rotational 
motion  in  the  flow  stream. 


smartphones  to  a  cloud  storage,  we  converted  original  uncompressed 
color  images  (24  MB)  into  lossless  gray-scale  images  (2.9  MB, 
Portable  Network  Graphics/PNG  format).  When  microbeads  with 
the  diameter  of  >5  pm  were  used,  the  file  could  be  further  com¬ 
pressed  (0.4  MB,  Joint  Photographic  Experts  Group/JPEG  format) 
without  affecting  bead  counts  (SI  Appendix,  Fig.  S6).  These  final 
images  can  be  transferred  to  the  cloud  storage  within  3  min,  even 
through  legacy  2G  cellular  network  (transfer  speed,  20  kbps). 

High-Throughput  D3  Assay  for  Cell  Detection.  With  its  large  FOV 
(14  mm2  for  iPhone  4S  and  24  mm2  for  the  image  sensor)  and 
rapid  image  processing,  the  D3  platform  enabled  high-through¬ 
put  cellular  analyses.  In  a  single  image  acquisition,  more  than 
100,000  individual  objects  can  be  detected  at  microscopic  reso¬ 
lution  (Fig.  3x1  and  SI  Appendix,  Fig.  S7).  The  dynamic  range  of 
detection  spanned  over  4  orders  of  magnitude  (Fig.  3 B),  with  the 
object  concentration  reaching  up  to  ~108  microbeads  or  cells  per 
milliliter  of  sample  (SI  Appendix,  Figs.  S7-S9).  The  capacity  for 
high-density  imaging,  combined  with  the  recognition  of  bead- 
bound  cells,  made  it  possible  to  detect  target  cells  in  the  presence 
of  abundant  host  cells  (e.g.,  leukocytes)  and  unbound  microbeads. 
Importantly,  this  eliminated  the  need  for  external  washing  and 
purification  steps.  The  assay  throughput  could  be  further  in¬ 
creased  by  flowing  target  cells  through  a  microfluidic  channel 
and  imaging  in  real-time  (FOV,  2.5  X  2.5  mm2;  10  frames  per  s) 
(Fig.  3C  and  SI  Appendix,  Fig.  S10  and  Movie  S2).  This  is  akin 
to  a  flow  cytometer  with  imaging  capabilities  for  quantitative 
analysis  (22),  but  in  a  miniaturized  system. 

Quantitative  Profiling.  We  next  applied  the  D3  assay  to  cell  pro¬ 
filing  (Fig.  4*4).  Human  cancer  cell  lines  were  immunolabeled 
with  microbeads  to  generate  specific  diffraction  signatures.  Whereas 
it  is  possible  to  use  antibody-coated  microbeads  directly  on  cells, 
we  found  that  a  two-step  approach  increased  bead  binding  (23). 
We  thus  opted  for  highly  efficient  bioorthogonal  [e.g.,  between 
transcyclooctene  and  tetrazine  (24)]  or  streptavidin/biotin  ap¬ 
proaches.  For  example,  using  the  latter,  cells  were  first  targeted 
by  biotinylated  antibodies  and  subsequently  incubated  with 


streptavidin-coated  microbeads.  We  further  tested  commercially 
available  microbeads  in  different  sizes  (diameter  3-22  pm).  A 
bead  diameter  between  5  and  7  pm  was  found  to  optimize  ac¬ 
curate  bead  counting  while  minimizing  cell  clustering  (SI  Ap¬ 
pendix,  Fig.  Sll). 

To  validate  D3-based  cellular  profiling,  we  measured  the 
expression  of  three  protein  markers,  human  epidermal  growth 
factor  receptor  2  (HER2)/nen,  epithelial  cell  adhesion  molecule 
(EpCAM),  and  epidermal  growth  factor  receptor  (EGFR),  on 
human  cells  (SkBr3,  human  breast  carcinoma).  Samples  were 
immunolabeled  with  7-pm  microbeads  and  analyzed  using  the  D3 
system  (Fig.  4x1  and  SI  Appendix,  Fig.  S12).  The  average  bead 
count  per  cell  was  highest  for  HER2/new  targeting  (8.0  beads  per 
cell),  followed  by  EpCAM  (3.9  beads  per  cell)  and  EGFR  (0.5 
beads  per  cell);  these  results  were  consistent  with  immunofluo¬ 
rescence  microscopy.  Unlike  microscopy,  however,  the  D3  assay 
enabled  simultaneous  analyses  of  far  greater  numbers  of  cells 
(>10,000  cells)  because  of  its  wide  FOV.  The  cellular  bead  counts 
generated  with  automated  D3  analyses  were  statistically  identical 
with  those  from  manual  microscopy  enumeration  (P  =  0.43;  paired 
t  test;  Fig.  4 B  and  SI  Appendix,  Fig.  S13).  Further  comparison  with 
flow  cytometry  validated  D3  assays  analytically  capacity  (Fig.  4C). 
The  number  of  beads  per  cell  correlated  linearly  with  levels  of 
marker  expression  (R2  =  0.99).  Similar  D3  profiling  on  a  different 
cell  line  (A431,  human  epidermoid  carcinoma)  also  matched  well 
with  immunofluorescence  microscopy  and  flow  cytometry  results 
(SI  Appendix,  Fig.  S14). 

Whereas  the  above  examples  used  parallel  profiling  of  sepa¬ 
rate  images,  it  is  also  possible  to  perform  multiplexing  within  the 
same  sample  using  microbeads  of  different  optical  signatures. 
For  instance,  we  tested  three  bead  sizes  and  three  different  ma¬ 
terials  (e.g.,  polystyrene,  silica,  silica  coated  with  silver)  that  can 
be  effectively  distinguished  through  nominal  size  and  transmittance, 
respectively.  Combining  these  sets  could  provide  nine-channel  mul¬ 
tiplexing  (SI  Appendix,  Fig.  S15). 


Fig.  4.  Detecting  cancer  cell  markers  with  immunobead  labeling.  (A)  Cancer 
cells  (SkBr3,  human  breast  carcinoma)  were  immunobead-labeled  for  HER2# 
EpCAM,  and  EGFR.  ( Top  Row)  Representative  reconstructed  images  in 
pseudocolor  (green,  transmittance;  red,  phase).  ( Middle  Row)  Corresponding 
bright-field  micrographs.  ( Bottom  Row)  Cells  labeled  with  fluorescent  anti¬ 
bodies  for  comparison.  HER2,  human  epidermal  growth  factor  receptor  2; 
EpCAM,  epithelial  cell  adhesion  molecule;  EGFR,  epidermal  growth  factor 
receptor.  ( B )  The  bead  numbers  on  labeled  cells,  determined  automatically 
by  D3,  were  in  good  agreement  ( R 2  =  0.97)  with  those  counted  manually 
from  microscope  images.  (C)  The  average  bead  count  per  cell  correlated  with 
the  expression  level  of  a  target  marker  as  determined  by  flow  cytometry 
(R2  =  0.99).  MFI,  mean  fluorescence  intensity,  a.u.,  arbitrary  unit. 
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Clinical  Applications  of  D3.  We  evaluated  the  clinical  utility  of  D3 
by  first  focusing  on  cervical  cancer  surveillance.  Cervical  cancer 
maintains  high  incidence  rates  in  resource-poor  countries  (16) 
where  the  availability  of  objective  early  screening  systems  is  lim¬ 
ited.  We  reasoned  that  the  portable  D3  system  could  be  used  as  a 
first-line  diagnostic  tool  without  subjective  readouts  to  promptly 
triage  suspicious  or  high-risk  cases.  The  strategy  could  potentially 
offset  pathology  bottlenecks  and  reduce  repeated  patient  visits 
to  central  clinics,  which  are  often  complicated  by  geographical 
and/or  socioeconomic  constraints  (25,  26). 

We  obtained  cervical  specimens  through  brushing,  loop  elec- 
trosurgical  excision  procedure  (LEEP),  or  biopsies  during  col- 
poscopic  evaluation.  Twenty-five  patients  with  previously  abnormal 
Pap  smear  results  were  recruited.  Cellular  samples  were  labeled 
with  a  mixture  of  tagged  antibodies  against  EpCAM,  CD44,  or 
tumor-associated  calcium  signal  transducer  (TACD2/Trop2). 
These  cancer  markers  were  chosen  for  their  elevated  expression 
in  cervical  cancer  as  described  in  literature  (27-29).  We  counted 
the  total  number  of  bead-bound  cells  as  well  as  the  number  of 
microbeads  per  cell.  Blinded  to  D3  results,  patient  specimens  were 
separately  examined  through  conventional  pathology,  and  clas¬ 
sified  into  three  risk  classes:  “high  risk,”  “low  risk,”  or  “benign” 
(Fig.  5M)  The  D3  analyses  showed  that  bead  counts  among 
targeted  cells  increased  along  the  clinical  risk  (Fig.  5 B).  The 
mean  bead  counts  (n^d)  per  targeted  cell  were  significantly  dif¬ 
ferent  among  the  clinical  risk  classifications  (P  <  0.05,  Tukey  mul¬ 
tiple  comparison  test),  indicating  that  could  serve  as  a  single 
diagnostic  measure  (Fig.  5C).  The  class  boundaries,  determined 
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Fig.  5.  Cervical  cancer  diagnosis  with  the  D3  platform.  (A)  Histology  (Top) 
and  representative  reconstructed  image  of  cells  ( Bottom )  from  high-risk 
(cervical  intraepithelial  neoplasia/CIN  2,  3),  low-risk  (CIN  1),  and  benign  pa¬ 
tient  samples.  Samples  were  targeted  with  a  mixture  of  EpCAM,  CD44,  and 
Trop2  antibodies,  followed  by  microbead  labeling.  More  beads  were  bound 
to  cells  in  higher  risk  patient  samples.  The  transmittance  (green)  and  the 
phase  (red)  were  pseudocolored  for  clarification.  (B  and  C)  The  profiling 
result  of  patient  samples  (n  =  25).  The  average  numbers  of  beads  per  labeled 
cell  were  significantly  different  among  high-risk,  low-risk,  and  benign 
groups.  The  dotted  lines  indicate  the  class  boundaries.  *P  =  0.035;  **P  < 
0.001;  ***P  <  0.001. 


from  multiclass  logistic  regression,  were  >  4.2  between  high 
risk  and  low  risk;  and  nbead  >  2.4  between  low  risk  and  benign.  We 
further  dichotomized  the  patients  into  two  groups,  high  risk 
versus  low  risk/benign,  to  reflect  the  conventional  clinical  process 
for  intervention  and/or  follow-up.  In  our  limited  data  set,  the 
detection  sensitivity  was  100%  and  the  specificity  92%  (high  risk 
vs.  low  risk/benign). 

We  also  adopted  the  same  D3  platform  for  the  HPV-DNA  de¬ 
tection  (SI  Appendix,  Fig.  S1&4),  given  its  high  relevance  in  cervical 
cancer  diagnostics.  We  applied  the  bead-dimer  assay  format:  a  pair 
of  oligonucleotides,  whose  sequences  were  complementary  to 
that  of  target  DNA,  were  conjugated  to  silica  and  polystyrene 
microbeads,  respectively.  The  target  DNA  was  captured  on  poly¬ 
styrene  (PS)  beads  and  sequentially  labeled  with  silica  beads.  The 
hybridization  yielded  PS-silica  bead  dimers  with  unique  diffraction 
signature  (SI  Appendix,  Fig.  S16B).  The  number  of  PS-silica  hybrids 
was  then  counted  to  quantify  the  amount  of  target  DNA.  The  D3 
assay  was  highly  sensitive;  HPV  16  and  18  DNA  targets  could  be 
detected  down  to  atto-mole  range  without  PCR  amplification  (SI 
Appendix,  Fig.  S16  C  and  D ).  Compared  with  fluorescent  detection, 
the  bead-based  D3  assay  benefited  from  simpler  optics  (i.e.,  no  filter 
sets)  and  stronger  light  signal  (bright  field). 

Extending  the  clinical  utility  of  D3  to  other  malignancies,  we 
conducted  a  pilot  study  to  detect  lymphoma  cells  in  fine-needle 
aspirates  (FNA)  of  lymph  nodes  in  patients  with  lymphadenop- 
athy.  POC  lymphoma  diagnostics  would  be  of  particular  interest 
in  sub-Saharan  Africa  plagued  by  a  high  prevalence  of  AIDS- 
related  cancers  and  lymphoma  (the  “second  wave  of  AIDS”) 
(25,  30,  31).  Freshly  harvested  FNA  samples  were  incubated  with 
immunobeads  specific  to  CD20,  one  lymphoma  marker  (SI  Ap¬ 
pendix,  Fig.  S17).  Subsequent  D3  analysis  allowed  the  correct 
diagnosis  of  four  patients  with  pathology  confirmed  lymphoma 
and  also  excluded  the  diagnosis  in  another  four  patients  with 
confirmed  benign  lymphadenopathy. 

Discussion 

Global  cancer  rates  continue  to  increase,  and  the  World  Health 
Organization  predicts  new  cases  to  rise  to  19.3  million  by  2025  as 
the  world’s  population  grows,  ages,  and  gains  access  to  anti¬ 
retroviral  drugs  (1,  32-35).  Rapid  cancer  screening,  however, 
remains  an  unmet  clinical  need.  The  D3  strategy  reported  here 
could  address  some  of  the  diagnostic  challenges  in  resource- 
limited  areas.  It  capitalizes  on  the  already  widespread  distribution 
of  smartphones  and  allows  fast  (minutes-hours  for  a  final  an¬ 
swer),  very  low  cost  (compared  with  sectioning,  microscopes,  and 
flow  cytometers),  and  simple  diagnostics.  Molecular  diagnoses 
are  achieved  by  integrating  immunolabeling  assays,  cloud  com¬ 
puting,  and  digital  processing.  The  resulting  system  enables 
quantitative  and  operator-independent  cellular  analysis  and  re¬ 
ports  not  only  cancer  cell  counts  but  also  the  expression  levels  of 
molecular  markers.  In  a  pilot  study  of  cervical  cancer  screening, 
we  used  three  molecular  markers  to  define  risk  categories  based 
on  invasiveness.  The  D3  assay  was  fast  (40  min  for  immunolab¬ 
eling,  most  of  which  is  “hands-off’  time  and  3  min  for  data  pro¬ 
cessing;  SI  Appendix,  Table  S3)  and  cost-effective  ($1.80  per  assay; 
SI  Appendix,  Table  S4).  We  expect  that  the  assay  costs  will  ulti¬ 
mately  be  much  cheaper  once  scaled  up  and  further  optimized. 

We  anticipate  further  improvements  in  some  analytical  capa¬ 
bilities  of  D3.  First,  a  next-generation  system  would  incorporate 
multiplexed  cellular  detection  based  on  different  optical  prop¬ 
erties  of  microbeads.  We  have  shown  that  microbeads  can  be 
differentiated  based  on  their  size  and  absorbance  (SI  Appendix, 
Fig.  S15).  Applying  these  signatures  would  enable  multiplexed 
molecular  profiling  of  the  same  cells  to  improve  detection  ac¬ 
curacy.  In  parallel,  superresolution  approaches  could  be  used  to 
improve  the  spatial  resolution  (6,  14,  36-38),  and  thereby  further 
boost  D3’s  multiplexing  capacity.  Compressive  sensing  is  par¬ 
ticularly  appealing  (39,  40),  as  it  can  numerically  reconstitute 
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high-frequency  information  (i.e.,  small  features  in  images) 
with  no  modification  in  the  current  D3  setup.  By  incorporating 
compressive  sensing,  we  expect  to  reconstruct  images  with  sub¬ 
micrometer  resolution  (~0.6  pm),  which  would  allow  analyses 
of  all  types  of  mammalian  cells.  Second,  DNA  detection  should 
be  further  developed  for  POC  operation.  This  would  require 
implementing  disposable  cartridges  (41,  42)  and  portable  sys¬ 
tems  (43,  44)  for  DNA  extraction  and  amplification.  Finally,  the 
platform  should  be  tested  for  robust  field  operation.  We  plan  to 
establish  a  lyophilization  protocol  for  transport  and  storage  of 
reagents  (e.g.,  antibodies,  microbeads)  (45).  The  validation  tests 
will  be  extended  using  larger  cohorts,  variably  skilled  operators, 
and  diverse  environment  settings  to  obtain  better  statistical 
power  (reproducibility,  accuracy,  diagnostic  performance).  In 
this  light,  the  work  presented  here  has  catalyzed  two  larger  clinical 
trials  focused,  respectively,  on  cervical  cancer  (including  FIPV 
testing)  and  lymphoma  detection  (FNAs  of  enlarged  lymph  nodes). 
We  envision  that  these  advances  will  position  D3  as  a  versatile 
screening  tool  for  various  cancer  types  (e.g.,  cervix,  breast,  lym¬ 
phoma)  and  infectious  diseases  (e.g.,  Ebola,  HIV,  tuberculosis)  with 
applications  in  field  work,  mobile  clinics,  and  home  care  settings. 

Materials  and  Methods 

D3  Imaging  Terminal.  Electrical  components  [e.g.,  light-emitting  diode  (LED), 
battery  socket,  switch]  were  purchased  (Digi-Key)  and  mounted  on  a  custom- 
designed  printed  circuit  board.  The  main  body  of  the  snap-on  module  was 
machined  out  of  black  acrylic  plastic,  and  housed  the  light  source  (590  nm),  a 
100-|im  pinhole,  and  a  minilens.  The  focal  length  (4  mm)  of  the  lens  was 
similar  to  that  of  the  embedded  lens  (4.2  mm)  in  the  phone  camera  (5/ 
Appendix,  Fig.  SI).  By  pairing  these  two  lenses,  we  achieved  a  unit  magni¬ 
fication  to  maximize  the  FOV,  and  used  the  phone  camera  without  any 
modification.  The  size  of  the  snap-on  was  4  x  4  x  5.5  cm3. 

D3  App.  The  D3  app  was  programmed  with  user-friendly  interfaces  for 
operation  in  iOS  6  or  higher  version.  The  app  has  three  main  screens: 
(/)  image  capturing  and  processing,  (//')  reconstruction  parameters  settings, 
and  (Hi)  data  communication  with  a  cloud  service.  The  images  captured 
by  a  phone  camera  module  were  saved  as  uncompressed  data  (PNG)  or 
compressed  image  (JPEG),  and  uploaded  along  with  other  imaging  in¬ 
formation  (e.g.,  wavelength,  diagnosis  location,  time,  patient  data)  into  a 
dedicated  folder  in  a  cloud  storage  (Dropbox).  The  uploaded  images  were 
processed  by  a  D3  image  GPU  server  (see  below),  and  the  results  were 
saved  into  a  subfolder.  The  D3  app  subsequently  downloaded  recon¬ 
structed  images  and  analysis  results.  All  data  were  encrypted  according  to 
the  256-bit  Advanced  Encryption  Standard.  The  application  program  in¬ 
terface  library  from  the  vendor  (Dropbox)  was  used  to  implement  the  data 
transfer  routine. 

D3  Imaging  Server.  The  D3  server  (HP  xw4600  workstation,  Hewlett  Packard) 
had  the  following  system  specifications  (SI  Appendix,  Table  S2):  CPU,  Core2 
Duo  E8500  3.16  GHz  (Intel);  memory,  8-GB  DDR2  (double  data  rate2);  GPU, 
Tesla  C-2070  (Nvidia);  operating  system,  Ubuntu  12.04  64-bit.  The  GPU  had 
448  CUDA  (Compute  Unified  Device  Architecture)  cores  and  6  GB  memory. 
The  signal  processing  program  was  written  in  C++  language  and  used 
vendor-provided  modules  (CUDA  extensions,  CUDA  driver  5.0,  CUFFT  li¬ 
brary).  The  image  analysis  workflow  is  shown  in  SI  Appendix,  Fig.  S2.  The 
imaging  server  cyclically  polled  a  dedicated  folder  in  a  cloud  storage 
(Dropbox).  When  new  images  and  image  information  were  uploaded,  the 
imaging  server  executed  image  reconstruction  and  postimaging  analyses 
(cell  and  bead  counting).  The  reconstructed  images  and  counting  statistics 
were  then  saved  into  a  subfolder.  When  synchronized  in  the  cloud  storage, 
the  image  and  data  files  could  be  accessed  by  users. 

Image  Reconstruction.  The  size  of  an  uncompressed  image  file  on  the  iPhone 
4S  was  ~24  MB  (2,448  x  3,264  pixels,  24-bit  RGB).  This  raw  image  file  was 
converted  to  gray-scale  PNG  ( — 2.9  MB)  or  JPEG  (~0.4  MB)  files  (SI  Appendix, 
Fig.  S6),  and  normalized  by  a  reference  image  recorded  without  samples. 
The  normalization  removed  intrinsic  defects  and  accurately  calculated  object 
transmittance  (21).  The  normalized  diffraction  images  were  up-sampled  four 
times  through  linear  interpolation  and  used  as  input  data  for  reconstruction. 
The  reconstruction  was  based  on  phase  retrieval  algorithms,  which  can  recover 
phase  information  from  intensity-based  diffraction  patterns  through  iterative 


processes  (4,  18,  19).  The  algorithm  has  four  steps:  (/)  back-propagate  an 
input  image,  (/'/)  apply  constraints,  (///)  forward-propagate  updated  image, 
and  (/V)  update  retrieved  phase  information.  First,  the  normalized  diffrac¬ 
tion  image  was  numerically  back-propagated  by  an  optical  distance  be¬ 
tween  the  object  and  the  imager.  We  calculated  the  optimal  optical 
distance  by  finding  a  focal  depth  with  the  sharpest  object  boundary  (46). 
Calculating  field  propagation  was  based  on  the  Rayleigh-Sommerfeld  dif¬ 
fraction  integral  in  a  convolution  approach,  where  the  propagated  field 
was  calculated  by  the  inverse  Fourier  transform  of  the  multiplication  be¬ 
tween  the  Fourier  transform  of  field  and  the  transfer  function  (20).  During 
the  first  iteration,  object  supports  were  defined  using  a  segmentation 
method,  where  object  boundaries  were  found  by  thresholding  intensity 
variances  (46).  For  the  back-propagated  image,  pixels  outside  the  object 
supports  were  regarded  as  background,  and  their  transmittance  values 
(i.e.,  the  modulus  of  field)  were  set  to  unity.  If  a  pixel  inside  the  object 
support  had  a  transmittance  value  larger  than  unity  due  to  artificial  twin- 
image  superimposition,  its  transmittance  value  was  also  forced  to  unity. 
After  applying  the  constraints,  the  updated  image  was  propagated  to  the 
image  plane,  where  the  forward-propagated  field  had  nonzero  phase  in¬ 
formation.  The  phase  information  was  added  to  the  measured  diffraction 
image  as  a  new  input.  The  process  was  usually  repeated  10~30  times  until 
the  reconstructed  image  with  retrieved  phase  information  converged. 

Counting  Algorithm.  For  detecting  beads  and  cells,  a  microbead  reference 
image  was  scanned  over  the  reconstructed  images  to  generate  modulus  and 
phase  correlation  maps  as  shown  in  SI  Appendix,  Fig.  S5.  The  reference 
microbead  image  was  obtained  by  averaging  microbead  images  in  a  pure 
bead  solution.  The  correlation  coefficients  for  modulus  and  phase  were 
calculated  from  pixel-to-pixel  comparison  between  reference  and  recon¬ 
structed  images.  Cells  were  first  detected  when  a  local  maximum  phase 
correlation  coefficient  was  larger  than  the  threshold  value  of  phase  corre¬ 
lation  coefficient,  which  was  obtained  from  images  of  pure  cell  population. 
For  each  cell  detected,  microbeads  within  the  object  support  were  detected 
from  the  local  maxima  of  the  modulus  correlation  coefficients.  Microbeads 
within  a  distance  of  10  pixels  (or  22  pm)  from  a  center  of  cells  were  con¬ 
sidered  bound  to  cells.  This  search  radius  was  experimentally  determined  for 
7-|im  beads.  The  detection  algorithm  was  validated  by  comparing  bead 
counts  with  manual  counting  using  a  conventional  microscopy.  The  micro¬ 
scope  was  equipped  with  a  lOx  objective  (N.A.  =  0.17)  and  a  cooled  CCD 
camera  (7.4  x  7.4-|im2  pixel  size;  Spot  RT3,  Diagnostic  Instruments  Inc.),  and 
produced  images  with  1.4  pixel/|im  resolution. 

Clinical  Samples.  The  clinical  study  was  approved  by  the  Partners  Healthcare 
Institutional  Review  Board  (Massachusetts  General  Hospital/Brigham  and 
Women's  Hospital).  Informed  consent  was  obtained  from  adult  women 
who  were  referred  to  the  Colposcopy  Clinic  for  previously  abnormal  Pap 
smears.  Samples  were  obtained  by  brushing,  cervical  biopsy,  or  LEEP.  One 
clinical  provider  (M.A.-W.)  performed  all  cervical  procedures  and  provided 
excess  or  otherwise  discarded  ectocervical  or  endocervical  specimens.  Bi¬ 
opsies  entailed  visualizing  the  exocervix  and  bathing  with  5%  acetic  acid 
using  clinically  standard  procedures.  Suspicious  aceto-white  epithelial 
changes  were  identified  with  a  colposcope  (Foto  Optik;  Leisegang  Medical 
Inc.)  followed  by  punch  biopsies.  Before  the  use  of  acetic  acid,  brushing 
samples  were  collected  with  surgical  brushes  (Surgipath  C-E  Brush,  Leica 
Microsystems;  Cytobrush  Plus  GT  Gentle  Touch,  BD  Surepath).  Samples 
were  suspended  in  sterile  PBS  (1  mL),  and  incubated  (30  min,  20  °C)  with  a 
mixture  of  antibodies  against  EpCAM  (clone  MAB9601,  R&D  Systems),  CD44 
(clone  IM7,  Biolegend),  and  Trop2  (Clone  162-46.2,  Abeam).  The  antibody 
concentration  was  5  ng/mL  for  each.  Targeted  samples  were  then  in¬ 
cubated  with  streptavidin-coated  polystyrene  microbeads  (0.5  mg,  7-|am 
diameter,  Spherotech)  for  10  min  at  room  temperature  and  analyzed  using  the 
D3  platform.  Here,  the  sample  volume  examined  was  10  (iL;  the  number  of 
microbeads  per  cell  was  automatically  counted  using  D3  software.  All  exper¬ 
iments  were  conducted  blind  to  pathology  results  and  clinical  interpretation  of 
risk.  Please  see  SI  Appendix  for  cell  preparation,  fluorescence  measurements, 
HPV-DNA  detection,  and  clinical  lymph  node  samples. 
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SUMMARY 

Genetic  screens  are  powerful  tools  for  identifying 
genes  responsible  for  diverse  phenotypes.  Here  we 
describe  a  genome-wide  CRISPR/Cas9-mediated 
loss-of-function  screen  in  tumor  growth  and  metas¬ 
tasis.  We  mutagenized  a  non-metastatic  mouse  can¬ 
cer  cell  line  using  a  genome-scale  library  with  67,405 
single-guide  RNAs  (sgRNAs).  The  mutant  cell  pool 
rapidly  generates  metastases  when  transplanted 
into  immunocompromised  mice.  Enriched  sgRNAs 
in  lung  metastases  and  late-stage  primary  tumors 
were  found  to  target  a  small  set  of  genes,  suggesting 
that  specific  loss-of-function  mutations  drive  tumor 
growth  and  metastasis.  Individual  sgRNAs  and  a 
small  pool  of  624  sgRNAs  targeting  the  top-scoring 
genes  from  the  primary  screen  dramatically  accel¬ 
erate  metastasis.  In  all  of  these  experiments,  the  ef¬ 
fect  of  mutations  on  primary  tumor  growth  positively 
correlates  with  the  development  of  metastases.  Our 
study  demonstrates  Cas9-based  screening  as  a 
robust  method  to  systematically  assay  gene  pheno¬ 
types  in  cancer  evolution  in  vivo. 

INTRODUCTION 

Cancer  genomes  have  complex  landscapes  of  mutations  and 
diverse  types  of  genetic  aberrations  (Lawrence  et  al.,  2013; 
Weinberg,  2007).  A  major  challenge  in  understanding  the  cancer 
genome  is  to  disentangle  alterations  that  are  driving  the  pro¬ 
cesses  of  tumor  evolution  from  passenger  mutations  (Garraway 
and  Lander,  2013).  Primary  tumor  growth  and  metastasis  are 
distinct  yet  linked  processes  in  the  progression  of  solid  tumors 
(Nguyen  et  al.,  2009;  Valastyan  and  Weinberg,  201 1 ;  Vanharanta 
and  Massague,  201 3).  It  has  been  observed  in  the  clinic  that  the 
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probability  of  detecting  metastases  in  a  patient  correlates  posi¬ 
tively  with  the  size  of  a  primary  tumor  (Heimann  and  Heilman, 
1998).  Several  possible  explanations  have  been  suggested:  met¬ 
astatic  properties  may  only  be  acquired  in  late-stage  tumors, 
larger  tumors  may  seed  proportionally  more  cells  into  circulation 
that  eventually  migrate  to  other  sites,  or  cells  with  a  strong  ability 
to  proliferate  may  also  have  enhanced  ability  to  metastasize 
(Weinberg,  2007).  In  early  studies  using  random  insertional 
mutagenesis,  it  was  observed  that  metastatic  cell  subpopula¬ 
tions  overgrow  to  complete  dominance  in  the  primary  tumor, 
suggesting  progressive  selection  at  both  sites  (Korczak  et  al., 
1988;  Waghorne  et  al.,  1988). 

Genetic  screens  are  powerful  tools  for  assaying  phenotypes 
and  identifying  causal  genes  in  various  hallmarks  of  cancer  pro¬ 
gression  (Hanahan  and  Weinberg,  201 1).  RNAi  and  overexpres¬ 
sion  of  open  reading  frames  (ORFs)  have  been  utilized  for 
screening  cancer  genes  in  several  models  of  oncogenesis  in 
mice  (Schramek  et  al.,  2014;  Shao  et  al.,  2014;  Zender  et  al., 
2008).  Recently,  the  Cas9  nuclease  (Barrangou  et  al.,  2007;  Bo¬ 
lotin  et  al.,  2005;  Chylinski  et  al.,  2013,  2014;  Deltcheva  et  al., 
2011;  Garneau  et  al.,  2010;  Gasiunas  et  al.,  2012;  Jinek  et  al., 
2012;  Sapranauskas  et  al.,  2011)  from  the  microbial  type  II 
CRISPR  (clustered  regularly  interspaced  short  palindromic  re¬ 
peats)  system  has  been  harnessed  to  facilitate  loss-of-function 
mutations  in  eukaryotic  cells  (Cong  et  al.,  2013;  Mali  et  al., 
201 3).  When  the  Cas9  nuclease  is  targeted  to  specific  locations 
in  the  genome,  DNA  cleavage  results  in  double-stranded 
breaks  (DSBs),  which  are  repaired  via  non-homologous  end¬ 
joining  (NHEJ)  (Rouet  et  al.,  1994).  NHEJ  repair  results  in  inser¬ 
tion  or  deletion  (indel)  mutations  that  can  cause  loss  of  function 
if  the  DSB  occurs  in  a  coding  exon.  The  Cas9  nuclease  can  be 
guided  to  its  DNA  target  by  a  single-guide  RNA  (sgRNA)  (Jinek 
et  al.,  2012),  a  synthetic  fusion  between  the  CRISPR  RNA 
(crRNA)  and  frans-activating  crRNA  (tracrRNA)  (Deltcheva 
et  al.,  2011).  In  cells,  Cas9-mediated  gene  disruption  requires 
the  full-length  tracrRNA  (Cong  et  al.,  2013;  Mali  et  al.,  2013), 
in  which  secondary  structures  at  the  3'  end  of  tracrRNA  are 
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critical  for  Cas9-mediated  genome  modification  (Cong  et  al., 
2013;  Hsu  et  al.,  2013). 

Screens  utilizing  Cas9  have  identified  genes  that  are  essential 
for  cell  survival  and  genes  involved  in  drug  resistance  in  various 
cell  lines  (Shalem  et  al.,  2014;  Wang  et  al.,  2014;  Koike-Yusa  et 
al.,  2014;  Zhou  et  al.,  2014).  In  vivo  pooled  screens  are  chal¬ 
lenging  due  to  many  factors,  such  as  the  complexity  of  the 
library,  limitations  of  virus  delivery  and/or  cell  transplantation, 
uniformity  of  viral  transduction  at  a  low  MOI,  and  the  complex 
dynamics  and  interactions  of  cells  in  animals.  In  this  study,  we 
report  a  genome-wide  Cas9  knockout  screen  in  a  mouse  model 
of  tumor  evolution.  This  screen  provides  a  systematic  pheno¬ 
typic  measurement  of  loss-of-function  mutations  in  primary  tu¬ 
mor  growth  and  metastasis. 

RESULTS 

CRISPR/Cas9  Library-Mediated  Mutagenesis 
Promotes  Metastasis 

We  derived  and  cloned  a  cell  line  (Chen  et  al.,  2014)  from  a 
mouse  non-small-cell  lung  cancer  (NSCLC)  (Kumar  et  al., 
2009).  This  cell  line  possesses  an  oncogenic  Kras  in  conjunction 
with  homozygous  p53  and  heterozygous  Dicerl  loss  of  function 
(KrasG12DI+;p53~,~  ;Dicer1+/  ,  denoted  KPD)  and  is  capable  of 
inducing  tumors  when  transplanted  into  immunocompromised 
mice  (Chen  et  al.,  2014;  Kumar  et  al.,  2009).  We  transduced 
this  cell  line  with  a  lentivirus  carrying  a  Cas9  transgene  fused 
to  a  GFP  and  generated  clonal  cell  lines  (Cas9-GFP  KPD)  (Exper¬ 
imental  Procedures)  (Figures  SI  A  and  SI  B).  A  clonal  Cas9-GFP 
KPD  cell  line  (clone  5)  was  selected  to  provide  genetic  and 
cellular  homogeneity  for  subsequent  screens. 

We  utilized  a  pooled  genome-wide  mouse  sgRNA  library 
(termed  mouse  genome-scale  CRISPR  knockout  library  A,  or 
mGeCKOa)  containing  67,405  sgRNAs  targeting  20,611  pro¬ 
tein-coding  genes  and  1 ,1 75  microRNA  precursors  in  the  mouse 
genome  (Sanjana  et  al.,  2014).  The  library  also  contains  1,000 
control  sgRNAs  (termed  non-targeting  sgRNAs)  designed  to 
have  minimal  homology  to  sequences  in  the  mouse  genome 
(Sanjana  et  al.,  2014;  Shalem  et  al.,  2014).  We  transduced  the 
Cas9-GFP  KPD  cell  line  with  the  mGeCKOa  library  in  three  inde¬ 
pendent  infection  replicate  experiments;  for  each  replicate,  the 
library  representation  (cells  per  lentiviral  CRISPR  construct) 
was  greater  than  400x  (Figure  1A)  (Experimental  Procedures). 

After  in  vitro  culture  for  1  week,  we  subcutaneously  trans¬ 
planted  3  x  107  cells  into  the  flanks  of  immunocompromised 
Nu/Nu  mice  (Figure  1A).  We  transplanted  the  cells  from  each 
infection  replicate  into  four  mice,  using  one  mouse  for  early 
tumor  sequencing  and  three  mice  for  sequencing  of  late-stage 
primary  tumor  and  metastases  (Figure  1A).  Both  mGeCKOa- 
transduced  and  untransduced  Cas9-GFP  KPD  cells  formed  tu¬ 
mors  at  the  injection  site  (Figure  1 B).  Like  most  subcutaneously 
transplanted  tumors,  these  tumors  were  poorly  differentiated. 
The  primary  tumors  induced  by  mGeCKOa-transduced  cells 
grew  slightly  faster  than  tumors  from  the  untransduced  cells  at 
an  early  stage  (Figure  1C)  (2  weeks  post-transplantation)  (paired 
two-tailed  t  test,  p  =  0.05),  but  at  late  stages  all  tumors  were 
similar  in  size  (paired  two-tailed  t  test,  p  =  0.18  for  data  at 
4  weeks,  p  =  0.6  for  data  at  6  weeks)  (Figure  1 C). 


At  6  weeks  post-transplantation,  we  imaged  the  mice  using 
micro-computed  tomography  (piCT)  and  found  tumors  in  the 
lungs  of  the  mice  transplanted  with  mGeCKOa-transduced 
Cas9-GFP  KPD  cells  (mGeCKOa  mice),  but  not  in  the  mice  trans¬ 
planted  with  untransduced  Cas9-GFP  KPD  cells  (control  mice) 
(Figure  ID,  Figure  SIC).  Mice  were  sacrificed  and  examined 
for  metastases  in  various  organs.  Under  a  fluorescent  stereo¬ 
scope  at  6x  magnification,  metastases  were  visually  detected 
in  the  lung  in  89%  (8/9)  of  the  mGeCKOa  mice  (Figure  SI  D). 
The  mGeCKOa  mice  on  average  had  80%  of  their  lung  lobes 
positive  for  metastases  (Figure  IE).  In  contrast,  none  (0/3)  of 
the  control  mice  developed  detectable  metastases  in  the  lung 
(Figure  1 E).  At  this  time,  metastases  were  not  detected  in  the 
liver,  kidney,  or  spleen  in  either  group  (Figure  IF).  These  data 
indicated  that  mGeCKOa  library  transduction  enhanced  the  abil¬ 
ity  of  the  Cas9-GFP  KPD  cells  to  form  metastases  in  the  lung. 

Dynamic  Evolution  of  sgRNA  Library  Representation 
during  Tumor  Growth  and  Metastasis 

To  investigate  the  sgRNA  representation  through  different  stages 
of  tumor  evolution  and  to  identify  genes  where  loss  of  function 
confers  a  proliferative  or  metastatic  phenotype,  we  used  deep 
sequencing  to  readout  the  sgRNA  representation  (see  Data  SI 
in  Dataset  SI).  At  6  weeks  post  transplantation,  we  sequenced 
the  late-stage  primary  tumor  and  three  random  lobes  from  the 
lung  of  each  of  the  nine  mGeCKOa  mice  (Figure  1  A)  (Experimental 
Procedures).  In  parallel,  we  also  sequenced  the  mGeCKOa  input 
plasmid  library,  the  pre-transplantation  mGeCKOa-transduced 
Cas9-GFP  KPD  cells  (cultured  in  vitro  for  7  days  after  trans¬ 
duction),  and  early-stage  primary  tumors  (2  weeks  post  trans¬ 
plantation,  one  mouse  from  each  infection  replicate).  In  the  cell 
samples,  the  sgRNA  representations  showed  high  concordance 
between  technical  replicates  (correlation,  p  =  0.95  on  average, 
n  =  3)  and  biological  infection  replicates  (correlation,  p  =  0.84 
on  average,  n  =  3)  (Figures  2A,  S2A,  S2B,  and  S2E).  The  sgRNA 
representation  of  cell  samples  correlates  highly  with  the  plasmid 
representation  (correlation,  p  =  0.93  on  average,  n  =  3)  (Figures 
2A,  S2C,  and  S2E).  Furthermore,  different  sgRNAs  that  target 
the  same  gene  are  correlated  in  terms  of  rank  change  (correlation, 
p  =  0.49  on  average,  n  =  3)  (Figure  S2D).  Using  gene  set  enrich¬ 
ment  analysis  (GSEA),  we  found  that  the  sgRNAs  with  signifi¬ 
cantly  decreased  abundance  in  cells  compared  to  plasmid  are 
enriched  for  genes  involved  in  fundamental  cellular  processes, 
such  as  ribosomal  proteins,  translation  factors,  RNA  splicing  fac¬ 
tors,  and  RNA  processing  factors,  indicating  selection  against  the 
loss  of  these  genes  after  1  week  in  culture  (Figure  S2F). 

To  investigate  the  sgRNA  library  dynamics  in  different  sample 
types  (plasmid,  pre-transplantation  cells,  early  primary  tumor, 
late  primary  tumor,  and  lung  metastases),  we  compared  the 
overall  distributions  of  sgRNAs  from  all  samples  sequenced. 
Cell  samples  clustered  tightly  with  each  other  and  the  plasmid, 
forming  a  cell-plasmid  clade  (Figures  2A  and  S2E).  Early  primary 
tumor  samples  also  clustered  with  each  other  and  then  with  the 
cell-plasmid  clade,  whereas  late  tumors  and  lung  metastases 
clustered  together  in  a  distinct  group  (Figures  2A  and  S2E). 
The  overlap  of  detected  sgRNAs  between  different  pre-trans- 
plantation  infection  replicates  is  over  95%  (Figure  S3A).  The  de¬ 
tected  sgRNAs  in  the  three  infection  replicates  of  early  tumor 
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Figure  1.  Tumor  Growth  and  Metastasis  in  Transplanted  Cas9-GFP  KPD  Cells  with  mGeCKOa  Library 

(A)  Schematic  representation  of  the  loss-of-function  metastasis  screen  using  the  mouse  genome-scale  CRISPR/Cas9  knockout  library  (mGeCKOa). 

(B)  Representative  H&E  stains  of  primary  tumor  from  Nu/Nu  mice  subcutaneously  transplanted  with  a  Cas9-GFP  KrasG12D/+;p53~/~ ;Dicer1+/~  (KPD)  NSCLC  cell 
line  that  was  either  untransduced  or  transduced  with  the  mGeCKOa  lentiviral  library.  Scale  bar,  200  pm. 

(C)  Primary  tumor  growth  curve  of  Nu/Nu  mice  transplanted  with  untransduced  cells  (n  =  3  mice)  or  mGeCKOa-transduced  Cas9-GFP  KPD  cells  (n  =  9  mice).  Error 
bars  indicate  SEM. 

(D)  MicroCT  3D  reconstruction  of  the  lungs  of  representative  mice  transplanted  with  control  (untransduced)  and  mGeCKOa-transduced  (mGeCKOa)  cell  pools. 
Lung  metastases  were  identified  and  traced  in  each  2D  section  (green). 

(E)  Percent  of  lobes  with  metastases  visible  after  dissection  under  a  fluorescence  stereoscope  in  Nu/Nu  mice  transplanted  with  untransduced  Cas9-GFP  KPD 
cells  (n  =  3  mice)  or  mGeCKOa-transduced  Cas9-GFP  KPD  cells  with  three  independent  infection  replicate  experiments  (1, 2,  and  3;  n  =  3  mice  per  replicate). 
Error  bars  indicate  SEM. 

(F)  Representative  H&E  stains  from  various  organs  of  Nu/Nu  mice  subcutaneously  transplanted  with  untransduced  and  mGeCKOa-transduced  Cas9-GFP  KPD 
cells.  Yellow  arrow  indicates  a  lung  metastasis.  Scale  bar,  40  pm. 

See  also  Figure  SI. 


samples  overlap  63%-76%  with  each  other  (Figure  S3B).  Early 
primary  tumors  retained  less  than  half  (32%-49%)  of  the  sgRNAs 
found  in  the  transplanted  cell  populations  (Figures  2B,  2C,  S3C, 
and  S3D).  Compared  to  the  cell  populations,  sgRNAs  whose 
targets  are  genes  involved  in  fundamental  cellular  processes 
are  further  depleted  in  early  tumors  (Table  SI). 

Interestingly,  only  a  small  fraction  of  sgRNAs  (less  than  4%  of 
all  sgRNAs,  or  less  than  8%  of  sgRNAs  in  the  early  primary  tumor 
of  the  corresponding  replicate)  were  detected  in  the  late-stage 
primary  tumor  samples  (Figures  2B,  2C,  S3C,  and  S3D).  The 
sgRNA  diversity  (i.e.,  number  of  different  sgRNAs  detected) 
further  decreased  in  samples  from  lung  metastases  (Figures 


2B,  2C,  S3C,  and  S3D).  The  lung  samples  retained  <0.4%  of 
all  sgRNAs  in  the  mGeCKOa  library,  or  <1 .1  %  of  sgRNAs  found 
in  the  early  primary  tumor  of  the  corresponding  replicate,  with  a 
subset  of  highly  enriched  sgRNAs  (Figures  2B,  2C,  S3C,  and 
S3D).  The  global  patterns  of  sgRNA  distributions  in  different  sam¬ 
ple  types  are  distinct,  as  is  evident  in  the  strong  shifts  in  the 
respective  cumulative  distribution  functions  (Kolmogorov-Smir- 
nov  [KS]  test,  p  <  1 0~15  for  all  pairwise  comparisons)  (Figure  2D). 

Enriched  sgRNAs  in  Primary  Tumors 

Late  primary  tumors  retain  few  sgRNAs  (on  average  813  ±  264 
sgRNAs,  n  =  9  mice),  with  even  fewer  at  high  frequencies 
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Figure  2.  Representation  of  mGeCKOa  Library  at  Different  Stages  of  Tumor  Growth  and  Metastasis 

(A)  Pearson  correlation  coefficient  of  the  normalized  sgRNA  read  counts  from  the  mGeCKOa  plasmid  library,  transduced  cells  before  transplantation  (day  7  after 
spinfection),  early  primary  tumors  (~2  weeks  after  transplantation),  late  primary  tumors  (~6  weeks  after  transplantation),  and  lung  metastases  (~6  weeks  after 
transplantation).  For  each  biological  sample  type,  three  independent  infection  replicates  (RI ,  R2,  and  R3)  are  shown,  n  =  1  mouse  per  infection  replicate  for  early 
primary  tumors;  n  =  3  mice  per  infection  replicate  for  late  primary  tumors  and  lung  samples. 

(B)  Number  of  unique  sgRNAs  in  the  plasmid,  cells  before  transplantation,  early  and  late  primary  tumors,  and  lung  metastases  as  in  (A).  Error  bars  for  late  primary 
tumors  and  lung  metastases  denote  SEM  for  n  =  3  mice  per  infection  replicate. 

(C)  Boxplot  of  the  sgRNA  normalized  read  counts  for  the  mGeCKOa  plasmid  pool,  cells  before  transplantation,  early  and  late  primary  tumors,  and  lung  me¬ 
tastases  as  in  (A).  Outliers  are  shown  as  colored  dots  for  each  respective  sample.  Gray  dots  overlaid  on  each  boxplot  indicate  read  counts  for  the  1 ,000  control 
(non-targeting)  sgRNAs  in  the  mGeCKOa  library.  Distributions  for  late  primary  tumors  and  lung  metastases  are  averaged  across  individual  mice  from  the  same 
infection  replication. 

(D)  Cumulative  probability  distribution  of  library  sgRNAs  in  the  plasmid,  cells  before  transplantation,  early  and  late  primary  tumors,  and  lung  metastases  as  in  (A). 
Distributions  for  each  sample  type  are  averaged  across  individual  mice  and  infection  replications. 

See  also  Figures  S2  and  S3. 


(4  ±  1  sgRNAs  with  >5%  of  total  reads)  in  each  mouse  (Figures 
2B,  2C,  S2C,  S2D,  3A,  and  S4FI).  We  used  three  methods  to 
identify  enriched  sgRNAs  in  late  primary  tumors:  (1)  sgRNAs 
above  a  certain  threshold,  (2)  top-ranked  sgRNAs  in  the  tumor 
of  each  mouse,  and  (3)  using  false  discovery  rate  (FDR),  i.e., 
sgRNAs  enriched  compared  to  the  distribution  of  the  1,000 
non-targeting  sgRNAs.  All  three  methods  generated  similar  re¬ 
sults  (Figure  S4A).  Taking  the  results  from  (3)  as  an  example,  a 
total  of  935  sgRNAs  (targeting  909  genes)  are  enriched  over 
the  non-targeting  controls  (FDR  cutoff  =  0.2%)  in  the  late  primary 


tumor  of  one  or  more  mice  (Figures  3B  and  3C).  These  sgRNAs 
are  targeting  genes  highly  enriched  in  apoptosis  pathways  (Table 
S2),  with  many  of  them  being  pro-apoptotic,  such  as  BFI3  inter- 
acting-domain  death  agonist  (Bid),  phosphatase  and  tensin  ho¬ 
molog  (Pten),  cyclin-dependent  kinase  inhibitor  2a  ( Cdkn2a ), 
and  O-6-methylguanine-DNA  methyltransferase  (Mgmt),  sug¬ 
gesting  strong  selection  for  mutations  that  inactivate  apoptosis 
in  primary  tumor  cells. 

We  identified  24  candidate  genes  that  were  targeted  by  two  or 
more  independent  sgRNAs  enriched  in  late  primary  tumors 
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Figure  3.  Enriched  sgRNAs  from  the  mGeCKOa  Screen  in  Primary  Tumors 

(A)  Pie  charts  of  the  most  abundant  sgRNAs  in  the  primary  tumors  (at  ~6  weeks  post-transplantation)  of  three  representative  mice  (one  from  each  replicate 
mGeCKOa  infection).  The  area  for  each  sgRNA  corresponds  to  the  fraction  of  total  reads  from  the  primary  tumor  for  the  sgRNA.  All  sgRNAs  with  >2%  of  total 
reads  are  plotted  individually. 

(B)  Number  of  genes  with  0, 1 , 2,  or  3  significantly  enriched  (FDR  <  0.2%  for  at  least  one  mouse)  mGeCKOa  sgRNAs  targeting  that  gene.  For  genes/miRs  with  2  or 
more  enriched  sgRNAs,  genes/miRs  are  categorized  by  how  many  sgRNAs  targeting  that  gene/miR  are  enriched  as  indicated  in  the  colored  bubbles  adjacent  to 
each  bar. 

(C)  Inset:  waterfall  plot  of  sgRNAs  where  multiple  sgRNAs  targeting  the  same  gene  are  significantly  enriched  in  primary  tumors.  Each  sgRNA  is  ranked  by  the 
percent  of  mice  in  which  it  is  enriched.  Only  sgRNAs  enriched  in  two  or  more  mice  are  shown  in  the  main  panel.  Main  panel:  enlargement  and  gene  labels  for 
sgRNAs  at  the  top  of  the  list  from  the  inset  (boxed  region). 

See  also  Figures  S3,  S4,  and  S5. 


(Figures  3B  and  3C).  These  genes  were  found  to  be  mutated  in 
patients  in  many  previously  reported  cancer  sequencing  studies 
curated  by  cBioPortal  (Cerami  et  al.,  2012;  Gao  et  al.,  2013)  (Fig¬ 
ure  S5A).  For  example,  in  somatic  mutations  identified  by  The 
Cancer  Genome  Atlas  (TCGA)  for  NSCLC,  including  adenocarci¬ 
noma  (LUAD)  (Cancer  Genome  Atlas  Research  Network,  2014) 
and  lung  squamous  cell  carcinoma  (LUSC)  (Cancer  Genome 
Atlas  Research  Network,  2012),  36%  (107/407)  of  patients 
have  one  or  more  of  these  24  genes  mutated  (Figures  S5B  and 
S5C).  Several  candidates  were  well-known  tumor  suppressors, 


such  as  Pten,  cyclin-dependent  kinase  inhibitor  2b  ( Cdkn2b ), 
neurofibromin  2  (Nf2/Merlin),  alpha-type  platelet-derived  growth 
factor  receptor  (Pdgfra),  and  integrin  alpha  X  ( Itgax ). 

Enriched  sgRNAs  in  Metastases 

We  also  sequenced  the  sgRNA  distributions  from  three  lung  lobes 
for  each  mouse  transplanted  with  mGeCKOa-transduced 
Cas9-GFP  KPD  cells.  In  each  lobe,  the  sgRNA  representation  is 
dominated  by  one  or  a  few  sgRNAs  (Figures  4A,  S3D,  and  S4I). 
In  each  mouse,  the  lung  sgRNA  representation  (average  of 
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normalized  sgRNA  representations  from  three  lobes)  is  also  domi¬ 
nated  by  a  small  number  of  sgRNAs  (on  average,  3.4  ±  0.4 
sgRNAs  with  >5%  of  total  reads)  (Figure  4B),  suggesting  that  me- 
tastases  were  seeded  by  a  small  set  of  cells,  which  grew  to  domi¬ 
nance  over  this  timescale.  Non-targeting  sgRNAs  were  occasion¬ 
ally  detected  in  the  metastases  but  were  never  observed  at  high 
frequency  (<0.1  %  of  total  reads  in  any  lobe;  Figures  2C,  4A  and 
4B,  and  S4I).  These  observations  are  consistent  with  our  finding 
that  untransduced  tumors  are  not  metastatic  (Figure  1 E),  suggest¬ 
ing  that  specific  sgRNA-mediated  mutations  led  to  metastasis. 

The  sgRNA  representations  in  the  lung  metastases  are  similar 
to  those  in  the  late-stage  primary  tumors  in  several  ways.  First, 
the  detected  sgRNAs  in  lung  samples  overlap  significantly  with 
those  in  late  tumor  samples  (chi-square  test,  p  <  1 0  1 5)  (Fig¬ 
ure  S3E).  Second,  the  number  of  sgRNAs  detected  in  lung  sam¬ 
ples  correlates,  albeit  weakly,  with  the  number  of  sgRNAs 
detected  in  late  primary  tumor  samples  (p  =  0.42,  F  test,  p  = 
0.097)  (Figure  S3F).  Third,  the  abundance  (number  of  reads)  of 
sgRNAs  in  the  lung  correlates  positively  with  that  in  the  late 
primary  tumors  of  the  same  mouse  (correlation,  p  =  0.18  on 
average,  F  test,  p  <  0.01 ,  n  =  9)  (Figure  S3G).  Fourth,  in  most 
mice  (8/9),  the  lung  metastasis  enriched  sgRNAs  also  occupy  a 
large  fraction  of  reads  in  the  late  primary  tumor  of  the  same 
mouse  (Figure  4C,  left  panel),  significantly  larger  than  a  random 
sampling  of  the  same  number  of  sgRNAs  from  the  mGeCKOa  li¬ 
brary  (Figure  4C,  right  panel).  These  data  indicate  that  mutants 
with  preferential  ability  to  proliferate  in  late  primary  tumors  are 
more  likely  to  dominate  the  metastases. 

The  three  methods  (threshold,  rank,  or  FDR)  of  finding  en¬ 
riched  sgRNAs  in  the  lung  metastases  yield  similar  results  (Fig¬ 
ure  S4B).  Using  the  non-targeting  sgRNA  distribution  to  set  a 
FDR-based  cutoff  for  enrichment,  the  enriched  sgRNAs  in 
different  lobes  of  the  same  mouse  overlap  with  each  other  by 
62%  ±  5%  (chi-square  test,  p  <  1CT15)  (Figure  S4C),  while 
different  mice  show  greater  variability  while  still  overlapping 
significantly  (29%  ±3%,  chi-square  test,  p  <  10_1S)  (Figure  S4D). 
The  overlap  between  sgRNAs  in  different  biological/infection 
replicate  experiments  when  pooling  enriched  sgRNAs  from  all 
mice  in  the  same  replicate  is  54%  (chi-square  test,  p  <  1CT15) 
(Figure  S4E),  suggesting  that  pooling  sgRNAs  from  mice  in  the 
same  experiment  facilitates  the  identification  of  shared  hits. 
These  data  suggest  that  the  three  independent  experiments 
reproducibly  captured  a  common  set  of  hits  and  provide  a  pic¬ 
ture  for  in  vivo  experimental  variation  between  different  lobes, 
different  animals,  and  different  infection  replicates. 

We  found  147  sgRNAs  enriched  in  more  than  one  lobe,  and 
105  sgRNAs  enriched  in  the  lung  of  more  than  one  mouse  (Fig¬ 
ures  4D  and  4E).  These  include  sgRNAs  targeting  Nf2,  Pten, 
tripartite  motif-containing  protein  72  (Trim72),  fibrinogen  alpha 
chain  (Fga),  Bid,  cyclin-dependent  kinase  inhibitor  2a  ( Cdkn2a ), 
zinc  finger  FYVE  domain-containing  28  ( Zfyve28 ),  reproductive 
homeobox  13  ( Rhox13 ),  and  BRISC  and  BRCA1  A  complex 
member  1  ( Babaml ),  as  well  as  microRNA  genes  miR-152  and 
miR-345.  Intriguingly,  a  few  sgRNAs  targeting  the  Pol  II  subunits 
and  olfactory  receptor  are  also  enriched  in  the  lung,  possibly  due 
to  off-target  effects  or  unknown  roles  of  these  genes.  For  most 
sgRNAs  detected  in  lung  metastases,  the  relative  abundance 
in  metastases  is  lower  than  that  in  the  late  primary  tumor  of  the 


same  mouse,  with  a  metastasis-primary  ratio  (MPR)  less  than  1 
(Figure  S4F),  likely  due  to  more  skewed  distributions  of  sgRNAs 
in  the  metastases  compared  to  those  in  the  late  primary  tumors. 
A  small  subset  of  sgRNAs,  however,  are  more  abundant  in  me¬ 
tastases  than  in  primary  tumors  (MPR  >  1)  in  multiple  mice, 
e.g.,  sgRNAs  targeting  Nf2,  Trim72,  prostaglandin  E  synthase  2 
(Ptges2),  or  ubiquitin-conjugating  enzyme  E2G  2  ( Ube2g2 ) 
(Figure  4F). 

For  four  genes,  Nf2,  Pten,  Trim72,  and  Zfyve28,  two  indepen¬ 
dent  sgRNAs  targeting  different  regions  of  the  same  gene  were 
enriched  in  lung  metastases  (Figure  4G).  One  of  the  Zfyve28-tar- 
geting  sgRNAs,  however,  is  enriched  in  only  one  mouse, 
whereas  Nf2,  Pten,  and  Trim72  all  have  two  sgRNAs  enriched 
in  multiple  mice  (Figure  4H).  These  three  genes,  several  repre¬ 
sentative  genes  with  one  frequently  enriched  sgRNA  ( Cdkn2a , 
Fga,  and  Cryba4),  and  the  two  top-scoring  microRNAs  ( miR- 
152  and  miR-345)  were  chosen  to  assay  individually  for  primary 
tumor  growth  and  metastases  formation. 

Validation  In  Vivo  Using  Individual  sgRNAs 

For  these  eight  genes  (Nf2,  Pten,  Trim72,  Cdkn2a,  Fga,  Cryba4, 
miR-152,  and  miR-345),  we  cloned  multiple  sgRNAs  targeting 
each  of  them  into  the  lentiGuide-Puro  vector  and  transduced 
them  into  the  Cas9-GFP  KPD  cell  line  (Figure  5A)  (Experimental 
Procedures).  As  expected,  these  sgRNAs  generated  a  broad 
distribution  of  NHEJ-mediated  indels  at  the  target  site  when 
examined  3  days  post-transduction,  with  a  bias  toward  deletions 
(Figure  5B).  For  protein-coding  genes,  the  majority  (>80%)  of  in¬ 
dels  are  out  of  frame,  which  potentially  disrupts  the  protein  func¬ 
tions.  For  miR-152  and  miR-345,  the  sgRNAs  generated  mostly 
deletions  (>90%  of  indels  are  deletions,  average  indel  size  -7  bp) 
(Figure  5B),  overlapping  with  the  loop  or  mature  microRNA  se¬ 
quences  in  the  hairpins,  which  are  structures  required  for  matu¬ 
ration  of  microRNAs.  For  proteins  where  specific  antibodies  are 
available  (Nf2  and  Pten),  we  found  that  the  majority  of  the  protein 
products  were  significantly  reduced  1  week  after  lentiviral 
sgRNA  infection  (Figure  S6A). 

When  these  single-sgRNA-transduced  cells  were  trans¬ 
planted  into  the  flanks  of  immunocompromised  mice,  they  all 
formed  tumors  in  situ.  With  two  mice  injected  per  sgRNA  and 
three  sgRNAs  per  gene,  all  genes  tested  showed  increased 
lung  metastasis  formation  compared  to  controls  (untransduced 
and  non-targeting  sgRNAs),  with  the  most  significant  ones  being 
Nf2,  Pten,  and  Cdkn2a  (Fisher’s  exact  test,  one-tailed,  p  <  1CT3) 
(Figures  5C  and  5D).  Fga  and  Trim72  also  have  effects  on  metas¬ 
tasis  acceleration  ( Fga  p  =  0.001,  Trim72  p  =  0.046).  Cryba4  is 
not  statistically  different  from  controls  (p  =  0.1).  sgRNAs  target¬ 
ing  miR-345  or  miR-152  significantly  increased  the  rate  of  metas¬ 
tasis  (miR-345  p  =  0.01 ,  miR-152  p  =  0.046).  These  data  suggest 
that  loss-of-function  mutations  in  any  of  Nf2,  Pten,  Cdkn2a, 
Trim72,  Fga,  miR345,  or  miR-152  are  sufficient  to  accelerate 
the  rate  of  metastasis  formation  in  this  genetic  background. 

Most  genes  targeted  by  single  sgRNAs  also  contributed  to 
accelerated  primary  tumor  growth  compared  to  controls  (Fig¬ 
ure  5E).  Nf2  and  Pten  loss  of  function  dramatically  speed  up  tu¬ 
mor  growth  (KS  test,  p  <  0.001)  (Figure  5E);  Cdkn2a-,  Trim72-, 
and  Fga-targeting  sgRNAs  slightly  accelerate  primary  tumor 
growth  (KS  test,  p  =  0.003-0.01);  Cryba4  has  a  marginal  effect 
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Figure  4.  Enriched  sgRNAs  from  the  mGeCKOa  Screen  in  Lung  Metastases 

(A)  Pie  charts  of  the  most  abundant  sgRNAs  in  three  individual  lobes  of  the  lungs  of  two  representative  mice  transplanted  with  mGeCKOa-transduced  cells.  The 
area  for  each  sgRNA  corresponds  to  the  fraction  of  total  reads  from  the  lobe  for  the  sgRNA.  All  sgRNAs  with  >2%  of  total  reads  are  plotted  individually. 

(B)  Pie  charts  of  the  most  abundant  sgRNAs  in  the  lung  (averaged  across  three  individual  lobes)  for  the  two  mice  shown  in  (A).  All  sgRNAs  with  >2%  of  average 
reads  are  plotted  individually. 

(C)  Left:  percentage  of  late  tumor  reads  for  the  significantly  enriched  (FDR  <  0.2%)  mGeCKOa  sgRNAs  found  in  the  lung  metastases  (averaged  across  three 
dissected  lobes).  Right:  in  purple,  the  percentage  of  late  tumor  reads  for  the  significantly  enriched  (FDR  <  0.2%)  mGeCKOa  sgRNAs  found  in  the  lung  metastases 
(average  across  all  mice,  n  =  9  mice).  In  gray,  the  percentage  of  late  tumor  reads  for  random,  size-matched  samplings  of  sgRNAs  present  in  the  late  tumor  (n  =  1 00 
samplings).  Error  bars  indicate  SD. 


(legend  continued  on  next  page) 
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(KS  test,  p  =  0.08);  and  neither  miR- 152-  nor /7i/Ff-345-targeting 
sgRNAs  promote  primary  tumor  growth  (KS  test,  p  >  0.1).  Over¬ 
all,  for  the  targets  we  examined  using  individual  sgRNAs,  the 
number  of  lobes  with  lung  metastases  strongly  correlates  with 
the  terminal  volume  of  the  late  primary  tumor  (or  average  primary 
tumor  growth  rate)  (correlation,  p  =  0.83,  F  test,  p  <  0.01)  (Fig¬ 
ure  5F),  indicating  at  a  single-gene  level  that  mutant  cells  with 
a  stronger  ability  to  promote  primary  tumor  growth  generate  me¬ 
tastases  faster. 

To  analyze  blood  samples  for  the  presence  of  circulating  tu¬ 
mor  cells  (CTCs),  we  designed  a  microfluidic  device  based  on 
the  physical  size  of  the  Cas9-GFP  KPD  cells  (Figures  S6B  and 
S6C).  We  performed  CTC  capture  with  terminal  blood  samples 
from  mice  injected  with  Cas9-GFP  KPD  cells  transduced  with 
sgRNAs  targeting  Nf2,  Pten,  Trim72 ,  Cdkn2a,  and  miR-152 
and  from  mice  injected  with  Cas9-GFP  KPD  control  cells  (un¬ 
transduced  or  non-targeting  sgRNA)  (Figures  S6C  and  S6D). 
Mice  transplanted  with  cells  transduced  with  sgRNAs  targeting 
Nf2,  Pten,  Trim72,  or  Cdkn2a  had  a  higher  concentration  of 
CTCs  as  compared  to  controls  (Figures  S6D-S6G),  consistent 
with  the  higher  rate  of  lung  metastasis  formation. 

Competitive  Dynamics  of  Top  Hits  Assessed  Using 
an  sgRNA  Minipool 

To  better  understand  the  relative  metastatic  potential  of  multiple 
genes  from  our  genome-wide  screen,  we  designed  a  targeted 
pooled  screen  with  a  smaller  library.  This  small  library  (termed 
validation  minipool)  contains  524  sgRNAs  targeting  53  genes 
that  had  highly  enriched  sgRNAs  in  lung  metastases  in  the 
genome-wide  screen  (ten  sgRNAs  per  gene  for  most  genes) 
plus  1 00  non-targeting  sgRNAs.  We  also  created  a  size-matched 
library  containing  624  non-targeting  sgRNAs  (termed  control 
minipool)  (Figure  6A).  Lentiviruses  from  these  two  pools  were 
used  to  transduce  the  Cas9-GFP  KPD  cells,  which  were  cultured 
in  vitro  for  1  week  and  then  transplanted  into  Nu/Nu  mice  (Fig¬ 
ure  6A).  Both  validation  minipool-  and  control  minipool-trans- 
duced  cells  induced  primary  tumor  growth  at  a  similar  rate 
(Figure  6B).  However,  mice  transplanted  with  validation  minipool 
cells  had  a  dramatically  elevated  rate  of  lung  metastasis  forma¬ 
tion  (Figure  6C). 

We  sequenced  the  validation  minipool  plasmid  library  and  the 
transduced  cells  pre-transplantation,  as  well  as  the  late-stage 
primary  tumors  and  whole  lungs  of  the  mice  at  5  weeks  post¬ 
transplantation  (see  Data  S2  in  Dataset  SI).  The  sgRNA  repre¬ 
sentations  correlate  strongly  between  technical  replicates  of 


the  transduced  cell  pool,  late  primary  tumors,  and  lung  metasta¬ 
ses  (Figures  S7A  and  S7D).  The  sgRNA  representation  in  the  cell 
sample  strongly  correlated  with  the  plasmid  (correlation,  p  =  0.91) 
(Figures  S7B  and  S7D).  Almost  all  (99.4%)  sgRNAs  were  recov¬ 
ered  in  the  plasmid  and  the  cell  population  (Figure  S7C).  The 
late  primary  tumors  retained  less  than  half  of  the  sgRNAs,  and 
the  metastases  in  the  whole  lung  retained  only  a  small  fraction 
(2%-7%)  of  all  sgRNAs  (Figure  S7C).  Enriched  sgRNAs  from 
lung  metastases  clustered  with  each  other  and  with  late  primary 
tumors  (Figure  S7D).  Similar  to  the  genome-wide  library,  in  this 
validation  minipool,  the  plasmid  and  cell  samples  had  a  unimodal 
distribution  of  sgRNAs,  whereas  the  late  primary  tumors  and  lung 
metastases  contained  a  bimodal  distribution,  with  the  majority  of 
sgRNAs  being  absent  and  a  small  fraction  spanning  a  large  range 
of  non-zero  read  counts  (Figure  6D).  Intriguingly,  two  mice  re¬ 
tained  relatively  high  sgRNA  diversity  in  late  primary  tumors  (Fig¬ 
ure  6D),  likely  due  to  dormant  or  slowly  proliferating  cells  that 
remained  in  low  numbers  during  tumor  growth.  Similar  to  the 
genome-wide  library,  large  shifts  in  the  sgRNA  distribution  exist 
between  different  sample  types  (KS  test,  p  <  1CT15  for  pairwise 
comparisons  between  the  cell,  primary  tumor,  and  lung  metasta¬ 
ses,  p  =  0.02  between  plasmid  and  cell)  (Figure  6E). 

In  the  validation  minipool,  the  sgRNAs  detected  in  the  late 
primary  tumors  or  the  lungs  of  five  different  mice  significantly 
overlap  with  each  other  (Figures  S7E  and  S7F).  The  late  primary 
tumors  and  lung  metastases  are  dominated  by  a  few  sgRNAs 
(Figures  7A  and  S7G-S7I),  suggesting  that  these  sgRNAs 
outcompete  others  during  tumor  growth  and  metastasis.  With 
the  validation  library,  the  sgRNA  representations  are  highly 
correlated  between  late  primary  tumors  and  lung  metastases 
(correlation,  p  =  0.55  on  average,  F  test,  p  <  0.01 ,  n  =  5)  (Fig¬ 
ure  7B).  The  late  primary  tumors  and  lung  metastases  have 
dozens  of  sgRNAs  at  moderate  to  high  frequencies  (Figures  7B 
and  7C).  Several  genes  have  multiple  independent  sgRNAs 
that  are  enriched  in  the  lung  over  the  primary  tumor  (MPR  >  1), 
such  as  Nf2  (eight  sgRNAs),  Pten  (four  sgRNAs),  Trim72  (three 
sgRNAs),  Ube2g2  (three  sgRNAs),  Ptges2  (two  sgRNAs),  and 
ATP-dependent  DNA  ligase  IV  ( Lig4 )  (two  sgRNAs)  (Figures  7C 
and  7D).  Two  Cdkn2a  sgRNAs  were  present  in  both  late  primary 
tumors  and  lung  metastases  in  two  mice,  but  with  MPR  <  1 .  Fga-, 
Cryba4-,  miR-152-,  and  m/R-345-targeting  sgRNAs  were  not 
found  at  high  frequency  in  either  late  primary  tumors  or  lung 
metastases,  suggesting  that  they  are  outcompeted  by  other 
loss-of-function  mutations  (such  as  Nf2),  which  agrees  with  the 
relatively  reduced  metastasis  formation  of  these  genes  in  the 


(D)  Inset:  all  sgRNAs  found  in  individual  lung  lobes,  ordered  by  the  percent  of  lobes  in  which  a  particular  sgRNA  was  among  the  significantly  enriched  (FDR  <  0.2%) 
sgRNAs  for  that  lobe.  Only  sgRNAs  enriched  in  two  or  more  lobes  are  shown.  Main  panel:  enlargement  and  gene  labels  for  sgRNAs  at  the  top  of  the  list  from  the 
inset  (boxed  region). 

(E)  Inset:  all  sgRNAs  found  in  individual  mice  (averaged  across  three  dissected  lobes),  ordered  by  the  percent  of  mice  in  which  a  particular  sgRNA  was  among  the 
significantly  enriched  (FDR  <  0.2%)  sgRNAs  for  that  mouse.  Only  sgRNAs  enriched  in  two  or  more  mice  are  shown.  Main  panel:  enlargement  and  gene  labels  for 
sgRNAs  at  the  top  of  the  list  from  the  inset  (boxed  region). 

(F)  Bottom:  metastasis  primary  ratio  (MPR)  for  the  sgRNAs  in  mGeCKOa  with  enrichment  in  metastases  over  late  tumors  (MPR  >  1)  observed  in  at  least  three  mice. 
The  sgRNAs  are  sorted  by  the  number  of  mice  in  which  the  MPR  for  the  sgRNA  is  greater  than  1 .  Top:  number  of  mice  in  which  the  MPR  for  this  sgRNA  is  greater 
than  1 .  In  both  panels,  individual  sgRNAs  are  labeled  by  gene  target. 

(G)  Number  of  genes  with  0,  1 , 2,  or  3  significantly  enriched  (FDR  <  0.2%  for  at  least  one  mouse)  mGeCKOa  sgRNAs  in  the  lung  metastases.  For  genes  with  2 
enriched  sgRNAs,  gene  names  are  indicated  in  the  colored  bubble  adjacent  to  the  bar. 

(H)  Number  of  mice  and  percentage  of  mice  in  which  each  sgRNA  was  enriched  in  the  lung  metastases  for  all  genes  with  multiple  enriched  sgRNAs. 

See  also  Figures  S4  and  S5. 
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Figure  5.  Validation  of  Target  Genes  and  MicroRNAs  from  mGeCKOa  Screen  Using  Individual  sgRNAs 

(A)  Schematic  representation  of  lentiviral  transduction  of  Cas9-GFP  KPD  cells  with  single  sgRNAs  designed  to  target  one  gene  or  miR.  After  puromycin  selection, 
the  cell  population  was  transplanted  into  Nu/Nu  mice  and  also  deep  sequenced  to  examine  the  distribution  of  indels  at  the  target  site.  After  5  weeks,  the  primary 
tumor  and  lungs  were  examined. 

(B)  Histograms  of  indel  sizes  at  the  genomic  locus  targeted  by  a  representative  sgRNA  for  each  gene/miR  after  3  days  of  puromycin  selection.  Indels  from  sgRNAs 
targeting  the  same  gene  were  pooled  (6  sgRNAs  for  each  protein-coding  gene;  4  sgRNAs  for  each  miR). 

(C)  Representative  H&E  staining  of  lung  lobes  from  uninjected  mice  (n  =  3  mice),  mice  transplanted  with  cells  transduced  with  Cas9  only  (n  =  5),  and  mice 
transplanted  with  cells  containing  Cas9  and  a  single  sgRNA  (n  =  6).  Single  sgRNAs  are  either  control/non-targeting  sgRNAs  (n  =  6  mice  for  control  sgRNAs,  3 
distinct  control  sgRNAs  with  2  mice  each)  or  targeting  sgRNAs  (n  =  6  mice  for  each  gene/miR  target,  3  sgRNAs  per  target  with  2  mice  each).  Blue  arrows  indicate 
lung  metastases.  Scale  bar,  10  urn. 

(D)  Percent  of  lung  lobes  with  metastases  after  6  weeks  for  the  mice  in  (C).  Error  bars  indicate  SEM. 

(E)  Primary  tumor  growth  curve  of  Nu/Nu  mice  transplanted  with  NSCLC  cells  transduced  with  Cas9  only  (n  =  5)  or  single  sgRNAs  (n  =  6  mice  per  gene/miR  target, 
3  sgRNAs  per  target  with  2  mice  each;  n  =  6  mice  for  control  sgRNAs,  3  control  sgRNAs  with  2  mice  each).  Error  bars  indicate  SEM. 

(F)  Correlation  between  primary  tumor  volume  and  percent  of  lobes  with  metastases  for  each  gene  in  (D)  and  (E).  Error  bars  indicate  SEM. 

See  also  Figure  S6. 
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Figure  6.  Tumor  Evolution  and  Library  Representation  in  Transplanted  Cas9-GFP  KPD  Cells  with  Minipool  Libraries 

(A)  Schematic  representation  of  the  loss-of-function  metastasis  minipool  screen.  Briefly,  Cas9-GFP  KPD  cells  were  transduced  with  either  validation  minipool 
(524  gene-targeting  +  100  non-targeting  sgRNAs)  or  control  minipool  (624  non-targeting  sgRNAs).  After  puromycin  selection,  the  cell  pools  were  transplanted  into 
Nu/Nu  mice.  After  5  weeks,  validation  minipool  sgRNAs  were  sequenced  from  primary  tumor  and  lung  samples. 

(B)  Primary  tumor  growth  curve  of  Nu/Nu  mice  transplanted  with  Cas9  vector  +  validation  minipool  cells  (n  =  5  mice)  or  Cas9  +  control  minipool  cells  (n  =  5  mice). 
Error  bars  indicate  SEM. 

(C)  Percent  of  lung  lobes  with  metastases  after  6  weeks  for  the  mice  in  (B).  C,  control  minipool;  V,  validation  minipool.  Error  bars  indicate  SEM. 

(D)  Boxplot  of  the  sgRNA  normalized  read  counts  for  the  plasmid  library,  cells  before  transplantation,  primary  tumors,  and  lung  metastases  using  the  validation 
minipool. 

(E)  Cumulative  probability  distribution  of  library  sgRNAs  in  the  validation  plasmid  pool,  cells  before  transplantation,  primary  tumors,  and  lung  metastases. 
Distributions  of  primary  tumor  and  lung  metastases  are  averaged  across  five  mice. 

See  also  Figure  S7. 


individual  sgRNA  validation.  These  results  further  validate 
several  of  the  top  hits  from  the  primary  screen,  using  either 
sgRNA  dominance  (e.g.,  Nf2,  Pten,  Trim72)  or  MPR  (e.g.,  Nf2, 
Trim72,  Ube2g2,  Ptges2).  This  validation  minipool  reveals  the 
dynamics  of  multiple  competing  mutants  chosen  from  the  pri¬ 
mary  screen  hits  and  indicates  that  mutants  with  strong  pro¬ 
growth  effects  tend  to  enhance  metastasis  (Figure  7E). 

TCGA  Gene  Expression  of  Screen  Hits  in  Human 
Lung  Cancer 

To  assess  the  relevance  of  our  mGeCKOa  and  validation  mini¬ 
pool  screen  hits  (genes  targeted  by  sgRNAs  enriched  in  lung 
metastases)  to  pathological  metastasis  in  human  cancer,  we 
performed  gene  expression  analysis  of  the  human  orthologs 
of  these  genes.  We  compared  mRNA  levels  in  metastatic 
compared  to  non-metastatic  primary  tumors  in  patient  samples 
using  TCGA  mRNA  sequencing  data.  We  found  that  most  (61  %- 
75%)  of  these  genes  are  downregulated  in  metastatic  tumors  in 


NSCLC  patients  (Figures  S5D  and  S5E;  Table  S6).  These  data 
suggest  that  downregulation  of  these  genes  is  selected  for  in 
metastatic  tumors  from  patients. 

DISCUSSION 

Pooled  Mutagenesis  in  a  Metastasis  Model 

Distal  metastases  develop  as  primary  tumors  shed  CTCs  into  the 
circulation,  from  which  CTCs  travel  to  the  destination  site,  move 
out  of  the  blood  or  lymphatic  vessels,  and  initiate  clonal  growth 
(Valastyan  and  Weinberg,  2011;  Vanharanta  and  Massague, 
2013;  Weinberg,  2007).  In  this  study,  cancer  cells  transplanted 
into  the  flanks  of  mice  form  primary  tumors  in  situ,  and  cells 
from  this  mass  undergo  the  intravasation-circulation-extravasa- 
tion-clonal  growth  cascade  to  form  distal  metastases  (Francia 
et  al.,  2011).  The  initial  lung  cancer  cell  line  has  little  capacity  to 
form  metastases;  in  contrast,  after  being  mutagenized  with  the 
mGeCKOa  genome-scale  Cas9  knockout  library,  the  cell 
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Figure  7.  Enriched  sgRNAs  from  the  Validation  Minipool  Screen  in  Primary  Tumors  and  Lung  Metastases 

(A)  Pie  charts  of  the  most  abundant  sgRNAs  in  the  primary  tumor  and  the  whole  lung  of  two  representative  mice  transplanted  with  validation  minipool-transduced 
Cas9-GFP  KPD  cells.  The  area  for  each  sgRNA  corresponds  to  the  fraction  of  total  reads  from  the  tissue  (primary  tumor  or  lung  metastases)  for  the  sgRNA. 
All  sgRNAs  with  >2%  of  total  reads  are  plotted  individually. 


(legend  continued  on  next  page) 
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population  forms  highly  metastatic  tumors.  Thus,  these  mutations, 
acting  in  simple  or  complex  pleiotropic  ways,  accelerate  metas¬ 
tasis.  In  this  model,  the  effect  of  mutations  on  metastasis  strongly 
correlates  with  their  abundance  in  late-stage  primary  tumors. 

sgRNA  Dynamics  during  Tumor  Evolution 

The  dynamics  of  the  sgRNA  population  changed  dramatically 
over  the  course  of  tumor  development  and  metastasis,  reflecting 
the  selection  and  bottlenecks  of  cellular  evolution  in  vitro  and 
in  vivo.  After  a  week  in  culture,  cells  retained  most  of  the  sgRNAs 
present  in  the  plasmid  library,  with  decreases  in  sgRNAs  target¬ 
ing  genes  involved  in  fundamental  cellular  processes.  The  distri¬ 
bution  of  non-targeting  control  sgRNAs  is  almost  identical  to 
those  targeting  genes,  suggesting  that  the  selective  pressure 
of  in  vitro  culture  alone  does  not  radically  alter  sgRNA  represen¬ 
tation,  similar  to  previous  observations  in  human  melanoma  cells 
(Shalem  et  al,,  2014). 

In  contrast,  less  than  half  of  the  sgRNAs  survive  in  an  early- 
stage  primary  tumor.  This  loss  of  representation  occurs  with 
both  gene-targeting  sgRNAs  and  non-targeting  control  sgRNAs, 
suggesting  that  random  sampling  influences  sgRNA  dynamics 
during  the  transplantation  and  tumor  initiation  processes, 
although  we  cannot  exclude  that  some  of  the  non-targeting 
sgRNAs  might  have  detrimental  or  pro-growth  effects.  We  also 
detected  further  dropout  of  genes  involved  in  fundamental 
cellular  processes  in  early  tumor  samples  compared  to  cell  sam¬ 
ples.  Thus,  it  is  likely  that  the  sgRNA  dynamics  are  influenced  by 
a  combination  of  selection  and  random  sampling  during  trans¬ 
plantation  and  tumor  initiation. 

As  primary  tumors  grow,  the  mutant  cells  proliferate  and 
compete  as  a  pool.  This  creates  strong  selection  for  sgRNAs  tar¬ 
geting  anti-apoptotic  genes  and  other  tumor  suppressors.  The 
majority  of  the  genetic  diversity  in  early  tumors  is  lost  during  the 
subsequent  4  weeks  of  primary  tumor  growth  in  mice.  Accord¬ 
ingly,  sequencing  revealed  a  smaller  set  of  dominant  sgRNAs, 
usually  on  the  order  of  hundreds  to  a  few  thousand  per  mouse. 
In  addition,  almost  all  of  non-targeting  sgRNAs  are  lost  during  pri¬ 
mary  tumor  growth,  which  is  consistent  with  selection  for  cells  with 
special  growth  and  survival  properties.  This  observation  is  also 
consistent  with  earlier  transplantation  studies  by  Kerbel  and  col¬ 
leagues  using  small  pools  of  randomly  mutagenized  cells,  which 
found  that  the  majority  of  clonal  variants  detectable  by  Southern 
blot  disappeared  within  6  weeks  of  primary  tumor  growth,  leaving 
one  dominant  clone  (Korczaket  al.,  1988;  Waghorne  et  al.,  1988). 

Each  step  toward  metastasis  has  a  bottleneck  effect.  In  the 
lung  metastases,  we  detected  very  few  sgRNAs  at  high  abun¬ 


dance.  As  with  the  primary  tumor,  we  found  only  a  few  non-tar¬ 
geting  sgRNAs  at  low  frequencies  in  metastases.  Their  presence 
could  be  due  to  unknown  off-target  effects  of  these  sgRNAs, 
random  shedding  of  CTCs  in  the  primary  tumor,  or  clustering 
together  with  other  strongly  selected  CTCs  during  metastasis 
(Aceto  et  al.,  2014). 

Relevance  of  Screen  Hits  to  Human  Cancer 

Several  of  the  genes  enriched  in  late-stage  primary  tumors  are 
associated  with  cancer,  but  their  functions  in  tumor  growth  are 
poorly  understood.  For  example,  Mgmt ,  a  gene  with  two  en¬ 
riched  sgRNAs,  is  required  for  DNA  repair  and  is  thus  crucial 
for  genome  stability  (Tano  et  al.,  1990).  Mutation,  silencing,  or 
promoter  methylation  of  MGMT  is  associated  with  primary  glio¬ 
blastomas  (Jesien-Lewandowicz  et  al.,  2009).  Med16,  another 
gene  with  two  enriched  sgRNAs,  encodes  a  subunit  of  the 
mediator  complex  of  transcription  regulation,  which  has  been 
recently  implicated  in  cancer  (Huang  et  al.,  2012;  Schiano 
et  al.,  2014). 

We  found  that  the  genes  that  are  significantly  enriched  in  lung 
metastases  largely  overlap  with  those  found  in  abundance  in  the 
late  primary  tumor.  Several  of  these  hits  were  validated  in  vivo  us¬ 
ing  multiple  individual  sgRNAs,  including  Nf2,  Pten,  Cdkn2a, 
Trim72,  Fga,  miR-152,  and  miR-345.  Nf2,  Pten,  and  Cdkn2a  are 
well-known  tumor  suppressor  genes.  Intriguingly,  the  NF2  locus 
is  mutated  at  only  1  %  frequency  in  primary  tumors  of  human 
NSCLC  patients  (LUAD  and/or  LUSC)  (Cancer  Genome  Atlas 
Research  Network,  2012,  2014).  Nf2  mutant  mice  develop  a 
range  of  highly  metastatic  tumors  (McClatchey  et  al.,  1998).  It 
is  possible  that  NF2  mutations  influence  metastases  to  a  greater 
degree  than  primary  tumor  growth,  but  this  awaits  metastasis  ge¬ 
nomics  from  patient  samples.  Pten  mutations  are  also  associ¬ 
ated  with  advanced  stages  of  tumor  progression  in  a  mouse 
model  of  lung  cancer  (McFadden  et  al.,  2014),  and  PTEN  was 
found  to  be  mutated  at  8%  in  adenocarcinoma  patients 
(LUAD).  CDKN2A  has  been  shown  to  be  often  inactivated  in 
lung  cancer  (Kaczmarczyk  et  al.,  2012;  Yokota  et  al.,  2003). 
Fga  encodes  fibrinogen,  an  extracellular  matrix  protein  involved 
in  blood  clot  formation.  Fga  mutations  have  been  found  in  various 
cancer  types  in  TCGA  (Lawrence  et  al.  2013),  as  well  as  circu¬ 
lating  tumor  cells  (Lohr  et  al.,  2014).  Trim72  is  an  E3  ubiquitin 
ligase,  and  its  role  in  cancer  metastasis  is  largely  unknown. 
Studies  have  shown  that  miR-152  and  miR-345  are  associated 
with  cancer  and  metastasis  (Cheng  et  al.,  2014;  Tang  et  al., 
2011).  FGF2  and  BAG3,  which  promote  metastasis,  were  pre¬ 
dicted  targets  of  miR-152  and  miR-345 ;  thus,  loss  of  these 


(B)  Scatterplot  of  normalized  sgRNA  read  counts  in  primary  tumor  and  lung  metastases  for  all  sgRNAs  in  the  validation  minipool  for  each  mouse  (different  color 
dots  indicate  sgRNAs  from  different  mice).  log2  n.r.,  log2  normalized  reads. 

(C)  log2  ratio  of  sgRNA  abundance  in  the  lung  metastases  over  the  primary  tumor  (MPR)  plotted  against  the  abundance  in  the  lung  metastases  (n  =  5  mice  per 
sgRNA).  Green  dots  are  the  100  control  sgRNAs.  Dots  with  black  outlines  are  non-control  sgRNAs  that  target  genes  or  miRs.  Red  dots  indicate  non-control 
sgRNAs  for  which  more  than  one  sgRNA  targeting  the  same  gene/miR  is  enriched  in  the  lung  metastases  over  the  primary  tumor  (i.e.,  log2(MPR)  >  0)  and  are 
labeled  with  the  gene/miR  targeted.  The  lung-primary  ratio  is  calculated  for  individual  mice,  and  these  quantities  are  averaged  across  mice. 

(D)  Number  of  genes  with  0  to  1 0  significantly  enriched  validation  minipool  sgRNAs  in  lung  metastases.  For  genes/miRs  with  2  or  more  enriched  sgRNAs,  genes/ 
miRs  are  categorized  by  how  many  sgRNAs  targeting  that  gene/miRs  are  enriched,  as  indicated  in  the  colored  bubbles  adjacent  to  each  bar. 

(E)  Schematic  illustration  of  tumor  growth  and  metastasis  in  the  library-transduced  NSCLC  transplant  model.  The  initially  diverse  set  of  loss-of-function  mutations 
in  the  subcutaneously  transplanted  pool  is  selected  over  time  for  mutations  that  promote  growth  of  the  primary  tumor.  A  subset  of  these  mutants  also  dominate 
lung  metastases. 

See  also  Figure  S7. 


Cell  160,  1246-1260,  March  12,  2015  ©2015  Elsevier  Inc.  1257 


Cell 


microRNAs  may  lead  to  acceleration  of  metastases,  likely  due  to 
de-repression  of  these  genes  (Cheng  et  al.,  2014;  Tang  et  al., 
2011). 

In  our  own  analysis  of  TCGA  samples  from  lung  cancer  patients, 
we  observed  downregulation  of  the  human  orthologs  of  the  genes 
identified  in  the  genome-wide  and  validation  minipool  screens  at 
the  mRNA  level  in  metastatic  tumors  compared  to  non-metastatic 
tumors,  suggesting  that  these  genes  may  also  be  inactivated  dur¬ 
ing  pathological  metastasis.  Human  orthologs  of  these  genes  are 
often  found  to  be  mutated  in  cancers.  Moreover,  these  genes 
have  been  implicated  in  various  pathways  and  biological  pro¬ 
cesses  in  tumorigenesis  and/or  metastasis  in  human  cancer  (Ta¬ 
bles  S7A-S7C).  However,  most  cancer  sequencing  studies 
involve  samples  from  primary  tumors  of  patients.  In  the  clinic,  me¬ 
tastases  are  rarely  sampled.  Future  patient  sequencing  directly 
from  metastases  may  further  connect  genes  identified  in  the 
mouse  model  to  those  mutated  or  silenced  in  clinical  metastases. 

Future  In  Vivo  Functional  Genomic  Screens 

Our  study  provides  a  roadmap  for  in  vivo  Cas9  screens,  and 
future  studies  can  take  advantage  of  this  model  to  explore  other 
oncogenotypes,  delivery  methods,  or  metastasis  target  organs. 
Genome-scale  CRISPR  screening  is  feasible  using  a  transplant 
model  with  virtually  any  cell  line  or  genetic  background  (e.g.,  mu¬ 
tations  in  EGFR,  KRAS,  ALK,  etc.),  including  a  large  repertoire  of 
human  cell  lines  from  diverse  cancer  types  (Barretina  et  al., 
2012).  Other  cell  delivery  methods,  such  as  intravenous  injection 
or  orthotopic  transplantation,  may  help  identify  genes  regulating 
extravasation  and  clonalization.  Examining  samples  from  other 
stages  or  sites,  such  as  CTOs  or  metastases  to  other  organs, 
can  provide  a  more  refined  picture  of  tumor  evolution. 

In  addition  to  these  parameters,  several  aspects  of  the  screen 
perturbations  themselves  can  also  be  modified.  Targeted  drug 
therapies  or  immunotherapies  can  be  applied  in  conjunction 
with  the  in  vivo  screening  strategy  to  identify  genes  involved  in 
acquired  resistance.  Other  screening  technologies,  such  as 
Cas9-mediated  activation  (Gilbert  et  al.,  2014;  Konermann 
et  al.,  2015),  can  identify  metastasis-regulating  factors  that  act 
in  a  gain-of-function  manner.  Activation  screens  that  identify  on¬ 
cogenes,  as  well  as  dropout  screens  that  identify  genetic  depen¬ 
dencies,  may  facilitate  identification  of  novel  therapeutic  targets. 
Targeted  subpool  strategies  can  be  used  to  reduce  the  library 
size  and  facilitate  further  confirmation  of  primary  screens.  In  a 
customized  library,  genes  can  be  chosen  based  on  genomic 
analysis,  pathways,  or  clinical  relevance  for  focused  screening  li¬ 
braries.  Additionally,  application  of  pooled  sgRNA  libraries  using 
individually  barcoded  cells  will  allow  quantitative  assessment  of 
the  robustness  and  significance  of  each  candidate  hit  and  will 
enable  analysis  of  the  competitive  dynamics  among  different 
perturbations.  With  these  promising  future  directions  and  the  re¬ 
sults  of  our  study,  Cas9-based  in  vivo  screening  establishes  a 
new  platform  for  functional  genomics  discovery. 

EXPERIMENTAL  PROCEDURES 
Generation  of  Cas9-GFP  Expression  Vector 

A  lentiviral  vector,  Ienti-Cas9-NLS-FLAG-2A-EGFP  (lentiCas9-EGFP),  was 
generated  by  subcloning  Cas9  into  a  lentiviral  vector. 


Pooled  Guide-Only  Library  Cloning  and  Viral  Production 

The  Cas9-GFP  KPD  cell  line  was  transduced  at  a  MOI  of  ~0.4  with  lentivirus 
produced  from  a  genome-wide  lentiviral  mouse  CRISPR  knockout  guide- 
only  library  (Sanjana  et  al.,  2014)  containing  67,405  sgRNAs  (mGeCKOa, 
Addgene  1000000053)  with  at  least  400-fold  representation  (cells  per 
construct)  in  each  infection  replicate.  A  detailed  viral  production  and  infection 
protocol  can  be  found  in  Extended  Experimental  Procedures. 

Animal  Work  Statement 

All  animal  work  was  performed  under  the  guidelines  of  the  MIT  Division  of 
Comparative  Medicine,  with  protocols  (0411-040-14,  0414-024-17,  091 1  - 
098-11,  0911-098-14,  and  0914-091-17)  approved  by  the  MIT  Committee 
for  Animal  Care,  and  were  consistent  with  the  Guide  for  the  Care  and  Use  of 
Laboratory  Animals,  National  Research  Council,  1996  (institutional  animal  wel¬ 
fare  assurance  no.  A-31 25-01). 

Mice,  Tumor  Transplant,  and  Metastasis  Analysis  in  the  Primary 
Screen 

Untransduced  or  mGeCKOa-transduced  Cas9-GFP  KPD  cells  were  injected 
subcutaneously  into  the  right  side  flank  of  Nu/Nu  mice  at  3  x  107  cells  per 
mouse.  Transplanted  primary  tumor  sizes  were  measured  by  caliper.  At 
6  weeks  post-transplantation,  mice  were  sacrificed  and  several  organs  (liver, 
lung,  kidney,  and  spleen)  were  dissected  for  examination  of  metastases  under 
a  fluorescence  stereoscope. 

Mouse  Tissue  Collection 

Primary  tumors  and  other  organs  were  dissected  manually.  For  molecular 
biology,  tissues  were  flash  frozen  with  liquid  nitrogen  and  ground  in  24-well  poly¬ 
ethylene  vials  with  metal  beads  in  a  GenoGrinder  machine  (OPS  Diagnostics). 
Homogenized  tissues  were  used  for  DNA/RNA/protein  extractions  using  stan¬ 
dard  molecular  biology  protocols.  Tissues  for  histology  were  then  fixed  in  4% 
formaldehyde  or  1 0%  formalin  overnight,  embedded  in  paraffin,  and  sectioned 
at  6  (im  with  a  microtome  as  described  previously  (Chen  et  al.,  201 4).  Slices  were 
subjected  to  H&E  staining  as  described  previously  (Chen  et  al.,  201 4). 

Genomic  DNA  Extraction  from  Cells  and  Mouse  Tissues 

Genomic  DNA  from  cells  and  tissues  (primary  tumors  and  lungs)  was  ex¬ 
tracted  using  a  homemade  modified  salt  precipitation  method  similar  to 
the  Puregene  (QIAGEN/Gentra)  procedure.  The  sgRNA  cassette  was  ampli¬ 
fied  and  prepared  for  lllumina  sequencing  as  described  previously  (Shalem 
et  al.,  2014).  A  detailed  readout  protocol  can  be  found  in  Extended  Experi¬ 
mental  Procedures. 

Individual  Gene  and  MicroRNA  Validation 

Six  sgRNAs  per  protein-coding  gene  and  four  sgRNAs  per  microRNA  gene 
were  chosen  for  validation  using  individual  sgRNAs  (Table  S4).  For  protein¬ 
coding  genes,  we  cloned  both  the  three  sgRNAs  from  the  mGeCKOa  library 
and  three  additional  sgRNAs  to  target  each  gene.  For  microRNAs,  we  used 
all  four  sgRNAs  from  the  mGeCKOa  library. 

Validation  and  Control  Minipool  Synthesis  and  In  Vivo 
Transplantation 

Validation  and  control  minipools  (Table  S5)  were  synthesized  using 
array  oligonucleotide  synthesis  (CustomArray)  and  transduced  at 
>1 ,000-fold  representation  in  Cas9-GFP  KPD  cells.  After  7  days  in 
culture,  Cas9-GFP  KPD  cells  transduced  with  the  validation  minipool  or  con¬ 
trol  minipool  were  injected  subcutaneously  into  the  right  side  flank  of  Nu/Nu 
mice  at  3  x  107  cells  per  mouse  with  five  replicate  mice.  After  5  weeks,  mice 
were  sacrificed,  and  primary  tumors  and  lungs  were  dissected. 

ACCESSION  NUMBERS 

Genomic  sequencing  data  have  been  deposited  in  the  NCBI  Sequence  Read 
Archive  under  accession  number  PRJNA273894.  Plasmids  and  pooled 
libraries  have  been  deposited  in  Addgene  (LentiCas9-EGFP:  63592,  Metas¬ 
tasis  Validation  Minipool  library:  63594,  Mouse  Non-targeting  Control  Mini¬ 
pool:  63595). 
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Supplemental  Information  includes  Extended  Experimental  Procedures,  seven 
figures,  seven  tables,  and  a  dataset  and  can  be  found  with  this  article  online  at 
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Exosomes  have  emerged  as  a  promising  biomarker.  These  vesicles  abound  in  biofluids  and 
harbor  molecular  constituents  from  their  parent  cells,  thereby  offering  a  minimally-invasive 
avenue  for  molecular  analyses.  Despite  such  clinical  potential,  routine  exosomal  analysis, 
particularly  the  protein  assay,  remains  challenging,  due  to  requirements  for  large  sample 
volumes  and  extensive  processing.  We  have  been  developing  miniaturized  systems  to  facilitate 
clinical  exosome  studies.  These  systems  can  be  categorized  into  two  components: 
microfluidics  for  sample  preparation  and  analytical  tools  for  protein  analyses.  In  this  report, 
we  review  a  new  assay  platform,  nano-plasmonic  exosome,  in  which  sensing  is  based  on 
surface  plasmon  resonance  to  achieve  label-free  exosome  detection.  Looking  forward,  we 
also  discuss  some  potential  challenges  and  improvements  in  exosome  studies. 

Keywords:  cancer  •  exosome  •  extracellular  vesicles  •  molecular  diagnosis  •  surface  plasmon  resonance 


The  growing  emphasis  on  targeted  and  personal¬ 
ized  therapy  concomitantly  increases  the  need  to 
analyze  and  monitor  key  cancer  proteins  and 
pathway  activation  [1-3].  Although  tissue  biopsies 
remain  the  gold  standard,  their  invasiveness  and 
limited  sampling  often  present  practical  chal¬ 
lenges  with  patient  management  [4]. 

Exosomes  have  emerged  as  a  new  class  of 
cancer  biomarker  for  clinical  diagnostics  [5,6], 
Exosomes  are  membrane-bound  phospholipid 
vesicles  (50-200  nm  in  diameter)  that  are 
actively  secreted  by  cancer  cells  (Figure  i).  These 
vesicles  carry  cellular  constituents  of  their  origi¬ 
nating  cells,  including  transmembrane  and  intra¬ 
cellular  proteins  [7],  mRNA  [8],  DNA  [9], 
miRNA  [10],  lipids  and  metabolites  and  can  serve 
as  cellular  surrogates  [li].  Combined  with  their 
large  abundance  and  ubiquitous  presence  in 
bodily  fluids  (e.g.,  blood,  ascites,  urine)  [5,12,13], 
exosomes  offer  significant  advantages  for  cancer 
monitoring  [14— 16].  Namely,  an  exosomal  assay 
can  be  robust  and  minimally  invasive  for 
repeated  tests.  As  most  tumor  cells  shed  exo¬ 
somes,  the  assay  can  also  report  relatively  unbi¬ 
ased  readouts  of  the  whole  tumor  burden,  less 
affected  by  the  scarcity  of  the  samples  (e.g.,  cir¬ 
culating  tumor  cells  to  circulating  DNAs)  or 
intra-tumoral  heterogeneity  (e.g.,  fine-needle 
aspiration)  [17].  Furthermore,  the  amount  and 
molecular  profile  of  cancer  exosomes  have  been 
shown  to  correlate  with  tumor  burden  as  well  as 
treatment  efficacy  [17,18],  A  number  of  recent 


review  articles  have  highlighted  exosomes’  role 
in  diagnostics,  cell-to-cell  interactions  and  thera¬ 
peutic  opportunities  [5,6,19-23].  Despite  such  clini¬ 
cal  potential,  routine  exosome  analysis  is  still  a 
challenging  task.  Conventional  methods  (e.g., 
Western  blotting,  ELISA)  require  large  sample 
volumes  (>500  |dl  per  biomarker)  and  extensive 
processing  (e.g.,  3  h  with  ultracentrifugation) 
[6,24].  Such  assays  become  impractical  when  mul¬ 
tiple  markers  need  to  be  profiled  or  the  sample 
volume  is  inherently  limited  (e.g.,  cerebrospinal 
fluid) 

Various  exosome  detection  platforms  have 
been  introduced  to  overcome  these  challenges 
(Figure  2  &  Table  1)  [17,18,25-30].  Integration  with 
microfluidics  allows  for  exosome  analyses  in 
small  volumes;  adoption  into  novel  sensing 
methods  (e.g.,  surface  plasmon  resonance,  mag¬ 
netic  resonance)  generated  exosomal  assays  with 
shorter  assay  time,  higher  sensitivity  and  higher 
throughput.  Commercialized  nucleic  acid  sens¬ 
ing  technologies  (e.g.,  RainDrop)  have  been 
adapted  for  a  variety  of  exosomal  RNA  compo¬ 
nents  with  high  sensitivity.  With  their  high  sen¬ 
sitivity  and  throughput,  these  new  technologies 
have  shown  great  promise  for  both  exosomal 
RNA  and  protein  detection  over  conventional 
analytical  methods. 

We  have  been  advancing  miniaturized  systems 
to  facilitate  exosome  studies  (Figure  3).  These  sys¬ 
tems  are  comprised  of  two  components:  micro¬ 
fluidics  to  facilitate  sample  preparation  and 
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Figure  1.  Exosomes  shed  from  ovarian  cancer  cell.  (A)  Electron  microscopy  image 
of  a  primary  human  ovarian  cancer  cell  (CaOV3)  confirms  the  avid  release  of  membrane 
vesicles  by  the  cell.  (B)  High  magnification  image  shows  that  the  vesicles  on  the  cell  sur¬ 
face  assumed  typical  saucer-shaped  characteristics  of  exosomes.  (C)  The  size  distribution 
of  the  exosomes,  as  characterized  by  the  nanoparticle  tracking  analysis,  ranges  from 
20  to  250  nm. 

Reproduced  with  permission  from  [18]  ©  Nature  Publishing  Group  (2014). 


analytical  tools  for  protein  analyses.  The 
microfluidic  devices  are  designed  to  collect 
intact  exosomes  directly  from  biological 
samples,  replacing  ultracentrifugation  or 
proprietary  precipitation  methods.  The 
first  developed  device  used  a  detachable 
membrane  filter  (1  |Tm  pore)  to  size- 
selectively  enrich  exosomes  from  large  sam¬ 
ple  volumes  [31];  the  next  developed  system 
was  based  on  acoustic  actuation,  which 
enabled  controllable  size-cutoff  and  contin¬ 
uous,  inflow  filtration  [32].  For  protein 
analyses,  we  initially  adopted  the  |J.NMR 
technology  to  magnetically  profile  exoso- 
mal  proteins  [17].  In  |t.NMR,  target  proteins 
were  labeled  with  magnetic  nanoparticles, 
and  changes  in  transverse  relaxation  of 
the  samples  were  measured.  The  signal 
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Figure  2.  New  exosome  sensing  platforms.  (A)  An  integrated  microfluidic  chip  for  exosome  isolation,  chemical  lysis  and  exosomal 
protein  analysis.  Reproduced  with  permission  from  [26]  published  by  The  Royal  Society  of  Chemistry.  (B)  A  microfluidic  device  (ExoChip) 
for  on-chip  exosome  capture  and  analysis.  Reproduced  from  [27]  with  permission  of  The  Royal  Society  of  Chemistry.  (C)  A  surface  plas- 
mon  resonance  imaging  (SPRi)  system  for  label-free  exosome  detection.  Reprinted  with  permission  from  [29]  ©  American  Chemical  Society 
(2014).  (D)  Aptamer-based  platform  (SOMAscan™)  for  proteomic  analysis  of  cancer  exosomes.  Reproduced  with  permission  from  [28], 
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Table  1.  Comparison  of  exosomal  sensing  platforms. 


Method 

Sensing  principle 

Target 

Sensitivity 

Throughput 

Ref. 

nPLEX 

SPR 

Protein 

-103  exosomes 

High  (>100  arrays) 

[18] 

/zNMR 

Magnetic  resonance 

Protein 

~104  exosomes 

Low  (single  channel) 

[17] 

ExoChip 

Fluorescence 

CD63+/Rab5  +  EVs 

0.5  pM 

Low  (three  channels) 

[27] 

SOMAscan 

Fluorescence 

Protein 

100  fM 

Very  high  (1 129) 

[28] 

Microfluidic  chip 

Fluorescence 

Protein 

0.3  pg/ml 

Low  (single  channel) 

[26] 

SPRi 

SPR 

Protein 

5  x  1 07  exosomes/cm2 

[29] 

BEAMing  &  digital  PCR 

Fluorescence 

RNA 

0.01%  (mutant  detection) 

High 

[25] 

miRNA  microarray/NanoString 

Fluorescence 

miRNA 

Very  high  (>1000) 

[30] 

nPLEX:  Nano-plasmonic  exosome;  SPR:  Surface  plasmon  resonance. 


detection  is  robust  against  biological  background,  and  the  assay 
was  demonstrated  to  benefit  from  such  a  well-established  plat¬ 
form  [33-36].  The  [tNMR  assay,  however,  was  difficult  to  scale  up 
for  high-throughput  detection.  The  task  requires  a  large  NMR- 
grade  magnet  to  accommodate  multiple  NMR  probes,  and  also 
entails  labeling  with  magnetic  nanoparticles.  Recently,  we  devel¬ 
oped  a  new  assay  system,  termed  nano-plasmonic  exosome 
(nPLEX)  [18]  that  could  overcome  these  challenges.  The  nPLEX 
sensing  is  based  on  surface  plasmon  resonance  (SPR)  through 
periodic  nanohole  arrays,  wherein  target-specific  exosome  binding 
on  the  array  causes  significant  SPR  signal  changes.  The  system  is 
scalable  with  a  large  number  of  sensing  units  (>100)  integrated 
into  a  single  chip,  and  the  assay  is  label-free  (i.e.,  no  need  for  sec¬ 
ondary  labeling  with  nanoparticles)  [37,38]. 

This  special  report  will  review  this  nascent  nPLEX  technol¬ 
ogy,  assessing  its  sensor  design,  assay  protocols,  and  clinical 
applications.  We  will  specifically  focus  on  nPLEX’s  capacity  for 
fast,  high-throughput  exosome  analyses  and  also  discuss  direc¬ 
tions  to  further  improvements. 

nPLEX  Technology 
Sensing  principle 

The  nPLEX  system  comprises  of  periodic  nanohole  arrays 
made  in  an  opaque  gold  (Au)  film  (Figure  4A).  Light  illumination 
to  the  nanohole  arrays  can  excite  strong  electromagnetic  fields, 
called  surface  plasmons  on  the  surface  (Figure  4B),  which  lead  to 
SP-mediated  extraordinary  optical  transmission  [39,40].  The 
transmission  spectral  peak  positions  are  highly  sensitive  to  the 
refractive  index  on  the  nanohole  surface,  and  exosome  binding 
to  the  nanohole  surface  (via  affinity  ligands)  would  red-shift 
the  optical  transmission  peaks  (Figure  4C).  The  amount  of  spec¬ 
tral  shift  correlates  with  the  molecular  mass  density  [4i],  which 
enables  quantification  of  captured  exosomes  on  the  sensing  sur¬ 
face.  Because  exosome  binding  itself  induces  a  spectral  shift, 
the  nPLEX  can  detect  exosomes  in  a  label-free  manner. 

The  nanohole-based  plasmonic  detection  has  unique  advan¬ 
tages  over  conventional  SPR  systems  (e.g.,  Kretschmann  config¬ 
uration  [42]).  First,  a  simple,  collinear  optical  setup  can  be  used 
for  signal  measurements  [38,43],  and  the  system  can  be  readily 


miniaturized  [18,44],  Second,  the  system  is  scalable  for  high- 
throughput  detection.  The  minimal  array  size  for  the  extraordi¬ 
nary  optical  transmission  could  be  as  small  as  5-by-5  periodic 
nanoholes  (foot  print  <10  JJ.m“)  [45],  which  allows  for  the  inte¬ 
gration  of  high  density  arrays  (>106  detection  sites  per  cm2) 
[46-48],  Such  high  density  is  difficult  to  achieve  with  the 
Kretschmann  configuration.  The  large  tilt  angle  of  incidence 


Detachable  membrane  filter 
High  volume  capacity 


1  Controllable  size  cutoff 
*  In-flow  separation 


•  Robust  magnetic  signal 

•  Well-established  platform 


•  Label-free  detection 

•  Scaleable 


nPLEX 


Figure  3.  Miniaturized  devices  developed  for  exosome 
separation  (top)  and  its  protein  profiling  (bottom). 

Images  are  adapted  with  permission  from  [17,18]  ©  Nature  Publish¬ 
ing  Group  (2014). 

Adapted  with  permission  from  [31]  ©  American  Chemical  Society 
(2013). 

Adapted  with  permission  from  [32]  ©  American  Chemical  Society 
(2015). 
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Figure  4.  Nano-plasmonic  exosome  sensing  principle.  (A)  A 

sensing  site  comprises  a  periodic  nanohole  array  patterned  in  a 
gold  film.  (B)  Finite-difference  time-domain  simulation  shows  the 
enhanced  electromagnetic  fields  tightly  confined  near  a  periodic 
nanohole  surface.  The  field  distribution  overlaps  with  the  size  of 
exosomes  captured  onto  the  sensing  surface.  (C)  Antibodies 
were  immobilized  on  the  nPLEX  chip,  and  exosomes  were 
captured  based  on  their  expression  of  extravesicular  markers 
(left).  Antibody  conjugation  and  exosome  binding  were  moni¬ 
tored  by  measuring  spectral  shifts  via  the  nPLEX  sensor  (right), 
a.u.:  Arbitrary  unit;  nPLEX:  Nano-plasmonic  exosome. 

Reproduced  with  permission  from  [18]  ©  Nature  Publishing  Group 
(2014). 


could  lead  to  optical  aberration  when  a  numerical  aperture  is 
used  to  increase  spatial  resolution  or  defocusing  when  imaging 
arrays  in  a  large  area. 

System  design 

The  geometry  of  the  nanoholes  was  optimized  through  three- 
dimensional  simulation  to  match  the  sensing  range  with  the 
mean  diameter  of  exosomes  (—100  nm;  Figure  5a).  The  nPLEX 
signal  was  measured  by  monitoring  the  transmission  spectrum 
via  a  spectrometer  setup.  In  this  mode,  individual  arrays  are 
sequentially  scanned,  and  a  spectral  shift  of  resonance  peak 
from  exosome  binding  is  detected.  Although  the  spectrum- 
based  measurements  provide  comprehensive  information  of  the 
nanohole’s  optical  characteristics,  it  could  be  time-consuming 
with  large  sensing  arrays.  For  faster  readout,  we  alternatively 
measured  changes  in  transmission  intensity  at  an  excitation 
wavelength  (Figure  5B).  This  intensity-based  method  could  moni¬ 
tor  multiple  sensing  arrays  simultaneously,  enabling  high- 
throughput  parallel  measurements. 

Figure  6a  shows  the  first  nPLEX  prototype.  The  structure 
was  patterned  in  a  200  nm-thick  Au  film  on  a  glass  substrate. 
We  laid  out  a  12  X  3  array  of  sensing  units  with  multi¬ 
channel  micro  fluidics  placed  on  top  (Figure  6B).  Each  channel 
spanned  over  three  sensing  units  for  triplicate  measurements. 
The  sample  volume  per  channel  was  -1  |4.1.  For  parallel  meas¬ 
urements  of  nPLEX  arrays,  an  intensity-based  detection  sys¬ 
tem  integrated  with  miniaturized  optics  consisting  of  a  laser 
diode  and  an  image  sensor  was  also  developed  (Figure  6C).  This 
system  can  simultaneously  monitor  changes  in  the  transmitted 
light  intensities  of  36  arrays  for  high-throughput  parallel 
measurements. 
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Figure  5.  Device  design  optimization.  (A)  The  sensitivity  of  the  nPLEX  sensor  was 
defined  as  AXA/v,  where  AX  and  w  are  the  shift  and  the  width  of  SPR  spectrum,  respec¬ 
tively.  The  nanohole  array  with  450-nm  hole-pitch  showed  the  highest  sensitivity  for  the 
detection  of  100  nm  exosomes.  (B)  Increase  in  the  refractive  index  on  the  nPLEX  surface 
induces  a  spectral  shift  (AX)  of  resonance  peak  to  a  longer  wavelength.  The  increase  of 
refractive  index  also  causes  intensity  changes  (Ap)  at  a  given  wavelength  (e.g.,  at 
658  nm).  Therefore,  exosome  binding  can  be  detected  by  either  tracking  AX  by 
spectrometry  or  Ap  by  imaging, 
a.u.:  Arbitrary  unit;  nPLEX:  Nano-plasmonic  exosome. 

Reproduced  with  permission  from  [18]  ©  Nature  Publishing  Group  (2014). 


Analytical  nPLEX  assay  for  molecular 
profiling 

To  impart  molecular  specificity,  the 
nanohole  surface  was  coated  with  differ¬ 
ent  antibodies  in  each  channel.  Following 
antibody  conjugation,  exosomes  were 
introduced  and  spectral  shifts  were  mea¬ 
sured  before  and  after  exosome  binding. 
An  IgG  control  channel  was  incorporated 
to  measure  the  contribution  from  non¬ 
specific  binding  and  its  signal  was  sub¬ 
tracted  from  each  target  channel. 

To  determine  the  detection  sensitivity, 
we  functionalized  the  sensor  surface  with 
antibodies  against  CD63,  a  type  III  lyso¬ 
somal  membrane  protein  enriched  in 
exosomes.  Alternatively,  other  exosome- 
specific  lysosomal  membrane  proteins 
(e.g.,  CD9,  CD81)  were  also  used  [49]. 
Samples  were  prepared  from  CaOV3 
(human  ovarian  carcinoma)  cell  lines, 
and  their  initial  exosome  concentrations 
were  estimated  by  nanoparticle-tracking 
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Figure  6.  First  nano-plasmonic  exosome.  prototype.  (A)  A  photograph  of  the  nano¬ 
hole  device  integrated  with  microfluidics.  A  12-channel  fluidic  cell  was  placed  on  top  of 
a  glass  slide  containing  nanohole  arrays.  (B)  A  total  of  36  measurement  sites  were 
arranged  into  a  12  x  3  array.  Each  measurement  site  had  periodic  nanoholes  (right). 

The  structure  was  patterned  in  a  gold  film  (200  nm  thick)  deposited  on  a  glass  substrate. 
(C)  A  photograph  of  the  miniaturized  nPLEX  imaging  system.  The  nPLEX  chip  was 
located  directly  on  an  image  sensor,  which  measured  transmitted  light  intensities  of  the 
36  sites  simultaneously. 
nPLEX:  Nano-plasmonic  exosome. 

Reproduced  with  permission  from  [18]  ©  Nature  Publishing  Group  (2014). 


analysis.  A  pair  of  nPLEX  sensors,  func¬ 
tionalized  with  CD63  and  control  IgG 
antibodies,  respectively,  were  used  to 
measure  the  relative  spectral  (AACnf'3)  or 
intensity  (ApCD63)  changes  against  known 
exosome  counts.  The  titration  experi¬ 
ments  established  the  limit  of  detection 
of  —  3000  exosomes  (670  aM)  with  the 
label-free  nPLEX  assay  (Figure  7A).  The 
observed  sensitivity  based  on  the  limit  of 
detection  was  104-  and  102-fold  higher 
than  Western  blotting  and  chemilumines¬ 
cence  ELISA,  respectively. 

To  quantitatively  detect  exosome  pro¬ 
teins,  we  functionalized  the  nPLEX  sen¬ 
sors  with  antibodies  against  target 
markers  and  measured  associated  signals 
(AA,tarset  or  A ptargct)  from  exosome  cap¬ 
ture.  Next,  we  defined  the  expression 
level  ©tarBCt)  of  the  target  marker  by  scal¬ 
ing  the  marker-associated  changes  to 
those  of  CD63  (i.e.,  fargct  =  A5Ltargc7 
AXCD63  *  A/arget/A/>CD63).  Such  normal¬ 
ization  accounted  for  differences  in  exo¬ 
some  counts  among  samples  and  thereby  reported  the  average 
expression  level  of  a  target  marker  per  exosome  [17,18].  This 
method  was  applied  to  profile  exosomes  from  different  cell 
lines  (CaOV3,  OV90)  for  various  extravesicular 

markers  (Figure  7B).  Expression  levels  were  well-matched 
{R2  >  98%)  between  nPLEX  and  ELISA,  verifying  the  accuracy 
of  the  developed  nPLEX  assay.  In  addition,  the  nPLEX  assay 
could  be  adapted  for  downstream  genetic  analyses  by  releasing 
captured  exosomes  from  the  device  using 
surface  regeneration  protocols  [17,18], 


Clinical  potential  of  exosomes 

We  first  explored  the  correlation  between 
exosomes  and  their  parental  cells.  Multi¬ 
plexed  in  vitro  nPLEX  screening  showed 
good  agreement  of  protein  expression 
between  exosomes  and  their  parental  cells 
across  different  ovarian  cancer  cell  lines 
(Figure  8A).  Such  close  matching  of  molecu¬ 
lar  profiles  between  exosome  and  cells  was 
previously  identified  in  glioblastoma  multi¬ 
forme  cell  lines  using  |4.NMR  [17].  In  addi¬ 
tion,  our  nPLEX  screening  showed  that 
EpCAM  and  CD24  were  highly  expressed 
in  tested  ovarian  cancer  cell  lines. 

Based  on  these  results,  the  nPLEX 
system  was  applied  to  detect  ovarian  can¬ 
cer  exosomes  in  patient-derived  ascites 
(Figure  8B).  Thirty  ascites  samples  were 
obtained:  20  patients  were  diagnosed  with 
Stage  3  (n  =  10)  and  4  (n  =  10)  ovarian 


cancer  and  10  control  ascites  patients  were  diagnosed  with  liver 
cirrhosis  [18].  The  study  demonstrated  that  unprocessed  ascites 
contained  large  quantities  (>103  per  ml)  of  exosomes;  nPLEX 
was  sensitive  enough  to  detect  exosomes  directly  isolated  from 
ascites  by  simple  syringe  membrane  filtration;  and  the  levels  of 
EpCAM  and  CD24  per  exosome  were  significantly  higher  in 
ovarian  cancer  patient  samples  than  in  control  groups.  For 
30  samples  tested,  the  detection  accuracy  was  97%  using 
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Figure  7.  Exosome  quantification  and  protein  profiling  with  nano-plasmonic 
exosome.  (A)  Exosomes  isolated  from  human  ovarian  cancer  cell  line  were  introduced 
onto  a  nPLEX  sensor  functionalized  with  CD63  antibody  for  exosomal  capture.  The 
nPLEX  platform  showed  considerably  higher  sensitivity  than  ELISA.  (B)  Comparison 
between  nPLEX  and  ELISA  measurements.  Exosomes  isolated  from  human  ovarian  cancer 
cell  lines  were  used.  The  expression  level  ©  was  determined  by  normalizing  the  marker 
signal  with  that  of  CD63,  which  accounted  for  variation  in  exosomal  counts  across  sam¬ 
ples.  All  measurements  were  in  triplicate  and  the  data  is  displayed  as  mean  ±  s.d. 
nPLEX:  Nano-plasmonic  exosome. 

Reproduced  with  permission  from  [18]  ©  Nature  Publishing  Group  (2014). 


informahealthcare.com 


729 


Downloaded  by  [71.174.58.35]  at  03:42  06  August  2015 


Special  Report 


lm,  Shao,  Weissleder,  Castro  &  Lee 


Exosomes  Cells 

CaOV3 
OV90 
OVCA429 
OVCAR3 
UCI101 

TIOSE6 
Ascites 


■'3- 

in 

07 

CM 

00 

X 

CO 

in 

T— 

o 

■'3- 

LO 

07 

CM 

00 

X 

CO 

LO 

T— 

o 

erf- 

C\l 

C\l 

1 

x 

T — 

LL 

X 

'si' 

CM 

CM 

1 

X 

1 — 

u_ 

X 

-sT 

^1- 

'Rf 

*■4. 

o 

Q. 

LU 

O 

t- 

07 

LU 

O 

0 

LU 

o 

o 

o 

1 

CM 

Q 

*'4. 

o 

Q. 

LU 

o 

T— 

07 

LU 

O 

O 

LU 

o 

o 

Q 

1 

CM 

o 

o 

1 

< 

O 

< 

o 

X 

Z) 

_i 

o 

o 

o 

o 

1 

< 

o 

< 

o 

X 

z> 

_i 

o 

o 

O 

0  0.5  1 

\  (a.u.) 


0  10  20 

Relative  MFI  (a.u.) 


Cancer  (n  =  20)  Control  (n  =  10) 


© 

1- 

Responding 

Non-responding 

3 

ii  •  i  ii  ii 

si,  o 

<i 

mrr 

EpCAM 
■  CD24 

t  i  i  i  i  i  i  r 

1  2  3  4  5  6  7  8 

Patient  No. 


Figure  8.  Molecular  profiling  of  ovarian  cancer  exosomes.  (A)  In-vitro  study.  Ovarian  cancer  associated  markers  (EpCAM,  CD24, 
CA-125,  CA19-9,  HER2,  MUC18,  EGFR,  Claudin3),  immune  host  cell  markers  (CD41,  CD45)  and  a  mesothelial  marker  (D2-40)  were 
profiled  on  both  parental  ovarian  cells  (right,  using  flow  cytometry)  and  their  derived  exosomes  (left,  using  nPLEX  sensor).  Exosomal 
protein  profiles  showed  an  excellent  match  with  those  of  originating  cells.  A  two-marker  combination  comprising  EpCAM  and 
CD24  could  effectively  distinguish  cancer  exosomes  from  benign  exosomes.  (B)  Ascites  exosomes  from  ovarian  cancer  and  non-cancer 
patients  were  evaluated  by  the  nPLEX  sensor.  Cancer  exosomes  were  captured  on  EpCAM  and  CD24-specific  sensor  sites,  and  the 
exosomal  expression  levels  of  these  markers  were  measured.  Ovarian  cancer  patients  (n  =  20)  were  associated  with  elevated  EpCAM  and 
CD24  expression,  while  non-cancer  patients  (n  =  10)  showed  negligible  signals.  (C)  Longitudinal  nPLEX  assays.  Ascites  samples  were 
collected  sequentially  from  ovarian  cancer  patients  undergoing  chemotherapy  (n  =  8).  Measuring  temporal  changes  in  exosomal 
expressions  of  EpCAM  and  CD24  could  distinguish  treatment  response. 

MFI:  Mean  fluorescence  intensity;  nPLEX:  Nano-plasmonic  exosome. 

Reproduced  with  permission  from  [18]  ©  Nature  Publishing  Group  (2014). 


EpCAM  and  CD24  as  diagnostic  markers.  The  nPLEX  screen¬ 
ing  was  further  used  to  evaluate  the  prognostic  values  of  exo¬ 
somes  for  treatment  monitoring  (Figure  8C).  For  ovarian  cancer 
patients  (n  =  8)  undergoing  standard  chemotherapy,  the  study 
demonstrated  that  the  levels  of  exosomal  EpCAM,  CD24  or 
both  decreased  among  responding  patients,  whereas  levels  of 
these  markers  increased  in  non-responding  patients. 

Expert  commentary 

Exosomes  present  new  opportunities  for  cancer  diagnoses  and 
treatment  monitoring.  These  vesicles  abound  in  biological  flu¬ 
ids  and  carry  cell-specific  cargos  (lipids,  proteins  and  genetic 
materials),  which  can  be  harnessed  as  a  minimally  invasive 
means  to  probe  the  molecular  status  of  tumors.  Significant 
technical  developments  are  underway  to  channel  exosome 


analysis  into  clinical  settings:  fluidic-based  tools  have  been 
devised  to  facilitate  sample  preparation,  and  analytical  plat¬ 
forms  have  been  adapted  to  detect  exosomes  in  clinical  samples. 
Such  efforts  have  started  to  unveiling  tumor-associated  exoso¬ 
mal  fingerprints,  particularly  in  RNA  profiles  (both  coding  and 
noncoding). 

Exosomal  protein  analysis,  on  the  other  hand,  still  remains 
challenging.  With  the  lack  of  universal  amplification  strategy 
(e.g.,  PCR),  protein  analysis  generally  requires  large  quantities 
of  exosomes  and  often  involves  extensive  sample  processing.  The 
nPLEX  technology  was  developed  to  address  these  issues.  The 
nPLEX’s  high  sensitivity  allows  for  quantitative  measurements 
on  small  sample  amounts;  the  detection  is  label-free  to  minimize 
assay  time  and  potential  sample  loss/degradation;  and  the  system 
is  scalable  to  a  large  array  for  high-throughput  assays. 
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Extended  insight  into  exosomal  proteins  could  help  cap¬ 
ture  dynamic  snapshots  of  tumors,  which  are  hard  to  detect 
with  genetic  assays.  Aberrant  changes  in  cancer  cells,  in 
response  to  microenvironmental  stress,  are  reflected  in  pro¬ 
tein  levels  and  its  post-translational  modification,  which  have 
significant  effects  on  disease  progression  and  therapeutic 
response.  As  such,  the  improved  exosomal  proteomic  analy¬ 
ses,  proffered  by  nPLEX,  could  pave  the  way  for  the  potential 
use  of  exosomes  as  companion  diagnostics  and  pharmacody¬ 
namic  readouts. 

We  identify  two  immediate  directions  to  further  improve  the 
nPLEX  technology.  First,  the  assay  format  needs  to  be  devel¬ 
oped  to  measure  both  extra-  and  intravesicular  proteins.  The 
initial  nPLEX  studies  were  limited  to  detecting  transmembrane 
or  lipid-bound  proteins,  since  the  assay  was  based  on  capturing 
whole  exosomes  on  the  device  surface.  Devising  a  new  assay  for 
intravesicular  proteins  is  critical  to  probe  the  activation  status 
of  proteins  as  well  as  to  measure  cytosolic  protein  targets.  Sec¬ 
ond,  the  clinical  utility  of  nPLEX  requires  further  validation 
under  the  auspices  of  larger  clinical  trials.  The  large  datasets 
thus  generated  would  aid  in  identifying  key  exosomal  finger¬ 
prints  for  cancer.  These  efforts  would  establish  nPLEX  as  a 
transformative  platform  facilitating  cancer  research  and  clinical 
practice. 

Five-year  view 

The  trajectories  undertaken  by  the  exosome  field’s  development 
of  first-generation  analytical  tools  parallel  those  of  the  more 
mature  circulating  tumor  cell  research.  Exosomes  are  abundant 
and  stable  in  circulation.  These  advantages  impart  significant 
practical  value  on  exosomes  as  noninvasive  and  unbiased  surro¬ 
gates  for  tissue-based  biomarkers.  As  seen  in  cellular  analyses, 
we  envision  that  more  advanced  technologies  for  exosome 


enrichment  and  detection  will  be  developed  to  ultimately 
enable  high-throughput  profiling  of  single  exosomes.  This  will 
potentially  lead  to  the  identification  of  exosome  subpopula¬ 
tions,  highly  specific  to  cancer,  which  could  be  prospectively 
explored  in  cancer  clinical  trials.  Additional  investigations  will 
focus  on  whether  testing  of  cancer  exosomes  could  generate 
pharmacodynamic  readouts.  Coupled  with  the  ready  access  of 
liquid  biopsies,  earlier  ‘go-no  go’  decisions  could  inform  drug 
development.  Improved  understanding  of  the  mechanisms  driv¬ 
ing  exosomal  signaling  will  accelerate  the  efforts  to  exploit  exo¬ 
somal  targeting  to  deliver  therapeutic  payloads.  This  transition 
to  theranostics  could  be  a  key  step  for  the  exosome  field  and 
usher  in  further  attention  from  pharmaceutical  stakeholders, 
among  others.  Such  diverse  opportunities  create  an  exciting 
venue  for  exosome  research  -  we  anticipate  an  expanding  pipe¬ 
line  of  committed  and  accomplished  junior  and  seasoned  inves¬ 
tigators  across  disciplines,  along  with  increased  funding 
opportunities  for  the  next  5  years  and  beyond. 
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Key  issues 


•  Exosomes  are  membrane-bound  vesicles  that  contain  molecular  constituents  of  their  cell  of  origin,  including  proteins,  nucleic  acids, 
lipids  and  metabolites. 

•  Exosomes  can  serve  as  a  minimally  invasive  biomarker  for  cancer  diagnosis  and  treatment  monitoring. 

•  Miniatured  devices  are  being  developed  to  expedite  exosome  isolation  and  its  downstream  analyses.  These  devices  could  shorten  the 
hands-on  assay  time  and  minimize  required  samples  volumes. 

•  The  surface  plasmon  resonance  -based  nano-plasmonic  exosome  (nPLEX)  technology  enables  rapid,  sensitive,  label-free  profiling  of 
exosomal  proteins. 

•  The  nPLEX  assay  is  quantitative,  reporting  the  average  expression  level  of  target  protein  markers  per  exosomes. 

•  The  detection  platform  is  scalable  for  high-throughput,  automated  detection. 

•  By  changing  the  affinity  ligands,  the  nPLEX  platform  could  be  used  to  detect  exosomes  from  virtually  any  cell  type,  and  hence  could 
serve  as  a  universal  platform  for  exosome  analyses. 

•  Intra-exosomal  biology  remains  an  area  of  active  interest  given  its  potential  to  generate  novel  pharmacodynamic  readouts  or  therapeutic 
approaches. 
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ABSTRACT:  Star-shaped  Au  nanoparticles  (Au  nanostars,  AuNS)  have 
been  developed  to  improve  the  plasmonic  sensitivity,  but  their 
application  has  largely  been  limited  to  single-particle  probes.  We  herein 
describe  a  AuNS  clustering  assay  based  on  nanoscale  self-assembly  of 
multiple  AuNS  and  which  further  increases  detection  sensitivity.  We 
show  that  each  cluster  contains  multiple  nanogaps  to  concentrate 
electric  fields,  thereby  amplifying  the  signal  via  plasmon  coupling. 

Numerical  simulation  indicated  that  AuNS  clusters  assume  up  to  460- 
fold  higher  field  density  than  Au  nanosphere  clusters  of  similar  mass. 

The  results  were  validated  in  model  assays  of  protein  biomarker 
detection.  The  AuNS  clustering  assay  showed  higher  sensitivity  than  Au 

nanosphere.  Minimizing  the  size  of  affinity  ligand  was  found  important  to  tightly  confine  electric  fields  and  improve  the 
sensitivity.  The  resulting  assay  is  simple  and  fast  and  can  be  readily  applied  to  point-of-care  molecular  detection  schemes. 


Localized  surface  plasmon  resonance  (LSPR)  is  a  promising 
biosensing  strategy  for  molecular  detection.1-4  Based  on 
surface  plasmons  that  are  tightly  confined  on  metallic 
nanoparticles,  LSPR  is  highly  sensitive  to  changes  in  dielectric 
environment  surrounding  the  particles.  This  unique  property 
has  been  exploited  to  detect  molecular  targets  upon  their 
binding  to  a  nanoparticle  surface.3-8 

The  most  widely  used  LSPR  materials  are  noble  metal  (Ag, 
Au)  nanospheres;  their  synthetic  methods  are  well  established, 
and  these  particles  show  plasmon  resonance  in  visible 
wavelengths.9  Recently,  star-shaped  nanoparticles  (nanostars) 
have  been  explored  as  an  alternative  substate  to  improve  the 
LSPR  sensitivity.  Nanostars  have  multiple  branches  with  sharp 
tips  that  generate  more  localized  electromagnetic  fields  than  do 
spherical  nanoparticles  and  thereby  produce  larger  spectral 
changes  upon  molecular  binding.10-18  Indeed,  Au  nanostars 
have  shown  >  5-fold  higher  sensitivity  than  Au  nanospheres  in 
LSPR  sensing.19'20  Most  previous  studies,  however,  used 
nanostars  as  single-particle  LSPR  probes.10,13  Namely,  the 
analytical  signal  was  generated  when  individual  nanostars  were 
labeled  with  target  molecules.  We  hypothesized  that  the 
plasmonic  signal  could  be  further  amplified  by  inducing  the 
formation  of  nanostar  clusters.  This  configuration  would  create 
multiple  nanogaps  between  nanostars,  where  electric  fields  are 
concentrated  and  plasmons  are  coupled. 

We  herein  report  on  the  development  and  the  optimization 
of  such  a  clustering  assay.  Using  Au  nanostars  (AuNS)  as  a 
substrate,  we  designed  an  assay  wherein  target  molecules 
assemble  AuNS  into  nanoscale-clusters  with  nanogap  junctions. 
Small  AuNS  (70  nm  in  size)  with  a  thiolated  ligand  were  found 
optimal  for  sensitive  and  stable  plasmonic  sensing.  Numerical 
simulation  (finite-difference  time-domain/FDTD)  showed  that 
a  cluster  of  AuNS  can  concentrate  up  to  460-fold  higher  energy 
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density  than  an  Au  nanosphere  cluster.  We  then  experimentally 
verified  the  results  using  different  molecular  interactions  (i.e., 
biotin— avidin  and  antigen— antibody).  The  AuNS  clustering 
assay  produced  much  larger  spectral  shifts  than  AuNS-ligand 
alone.  Notably,  the  signal  improvement  inversely  depended  on 
the  interparticle  distance,  which  highlighted  the  importance  of 
minimizing  the  size  of  the  capturing  ligand.  The  developed 
assay  benefits  from  fast  binding  kinetics  (<30  min)  and  a  simple 
signal  readout  (colorimetry)  and  could  be  a  potential  tool  for 
point-of-care  molecular  detection. 

To  synthesize  AuNS,  we  adopted  a  seed-mediated  growth 
method  (see  Experimental  Procedures  in  the  Supporting 
Information).  Spherical  Au  nanoparticles  (AuNP)  with  a 
mean  diameter  of  13  nm  were  prepared  as  a  seed  (Figure  la, 
left)  and  dispersed  in  an  Au  precursor  (HAuC14)  solution.  Star¬ 
shaped  Au  nanoparticles  with  multiple  branches  were  formed 
when  ascorbic  acid  and  silver  nitrate  were  injected  into  the  seed 
solution  (Figure  la,  right).  The  reaction  was  rapid  (<1  min  for 
completion)  and  produced  AuNS  with  size  variations  of  <30% 
(Figure  Si).  We  further  controlled  the  overall  size  of  AuNS  by 
changing  the  molar  concentration  ratio  between  Au3+  and 
AuNP  seeds  ([Au3+]/[AuNP]).  Higher  [Au3+]/[AuNP]  ratios 
led  to  the  synthesis  of  larger  AuNS  (Figures  lb  and  S2).  When 
the  ratio  was  >2  X  107,  Au  precursors  spontaneously  nucleated, 
resulting  in  a  mixed  phase  of  AuNP  and  AuNS  (Figure  S2). 
Larger  AuNS  exhibited  a  LSPR  peak  at  longer  wavelength 
(Figure  lc  and  d),  because  they  support  more  extended 
longitudinal  plasmon  resonance  along  their  branches.21  The 
peak  width  also  broadened  with  the  particle  size  (Figure  S3), 
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Figure  1.  Synthesis  and  characterization  of  AuNS.  (a)  Transmission  electron  microscopy  (TEM)  images  of  AuNP  and  AuNS.  Spherical  particles 
(diameter  13  nm,  left)  were  used  as  a  seed  to  grow  AuNS  (right),  (b)  The  size  of  AuNS  was  controlled  by  changing  the  ratio  between  AuNP  seed 
and  Au3+  precursor  concentrations,  (c,  d)  Absorbance  spectra  of  AuNS.  Increasing  the  particle  size  led  to  shifts  of  the  LSPR  peaks  to  longer 
wavelengths,  (e)  Bare  AuNS  showed  a  drift  in  LSPR  peak  over  time.  Passivating  the  AuNS  with  a  thiol  ligand  (ll-mercaptoundecanoic  acid/MUA) 
stabilized  the  LSPR  spectra. 
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Figure  2.  Detection  sensitivities  of  AuNP  and  AuNS.  (a)  The  refractive  index  sensitivity  (RIS)  of  AuNS  and  AuNP  of  different  sizes  was  measured. 
The  RIS  linearly  increased  with  the  overall  size  of  the  particles,  (b)  The  figure  of  merit  (FOM)  was  obtained  by  dividing  the  RIS  with  the 
corresponding  full  width  at  half-maximum  of  the  LSPR  peak.  AuNS  assumed  higher  FOM  than  AuNP.  For  a  given  particle  type  (i.e.,  AuNS  or 
AuNP),  the  FOM  values  were  found  similar,  independent  of  the  particle  size  (P  =  0.87,  AuNS;  P  =  0.18,  AuNP). 


which  was  likely  due  to  the  increasing  polydispersity  (different 
branch  length  and  number  of  branches  per  particle). 

As-synthesized  bare  AuNS  were  found  spectrally  unstable; 
the  sharp  tips  with  high  surface  energy  were  susceptible  to 
atomic  reorganization,  which  resulted  in  the  shift  of  the  LSPR 
peaks  to  shorter  wavelengths  (Figure  le).  We  reasoned 
that  thiol-based  ligands  could  stabilize  AuNP  by  forming  a 
covalent  bond  with  surface  Au  atoms.  Indeed,  when  AuNS  were 
coated  with  thiol  ligands  (e.g.,  lipoic  acid,  11-mercaptounde- 
canoic  acid/MUA,  thiolated-polyethylene  glycol/PEG),  the 
particles  maintained  their  LSPR  peak  positions  (>12  h  in 
phosphate-buffered  saline)  (Figures  le  and  S4). 

We  next  characterized  the  LSPR  properties  of  individual 
AuNS.  The  refractive  index  sensitivity  (RIS)  was  determined  by 
measuring  spectral  shifts  of  particles  suspended  in  solutions  of 
different  refractive  indices.  Water  and  dimethyl  sulfoxide  were 
mixed  at  varying  volume  ratios  to  control  the  refractive  index 
(see  Experimental  Procedures  in  the  Supporting  Information). 
The  measured  RIS  of  AuNS  increased  with  the  overall  particle 


size,  ranging  from  250  to  500  nm/RIU  (refractive  index  unit, 
Figure  2a).  With  similar  particle  volume,  AuNS  showed  higher 
RIS  than  AuNP,  validating  the  advantage  of  forming  sharp 
branches.  For  example,  the  sensitivity  of  66  nm  AuNS  (241 
nm/RIU)  was  3-fold  higher  than  that  of  40  nm  spherical  AuNP 
(70  nm/RIU).  We  also  compared  the  figure  of  merit  (FOM)  of 
particles,  that  was  defined  as  RIS  divided  by  the  full  width  at 
half-maximum  of  the  LSPR  peak  (Figure  2b).  Particles  with 
high  FOM  are  preferred  as  they  improve  the  LSPR  detection 
sensitivity.7,25  Overall,  AuNS  had  higher  FOM  (~1.8)  than 
spherical  AuNP  (~0.8).  For  a  given  shape,  however,  the  FOM 
remained  similar  (coefficient  of  variation  <12%),  because  both 
the  RIS  and  peak-width  increased  with  the  particle  size.  For 
clustering  assays,  we  thus  used  small  AuNS  (~70  nm)  for  their 
superior  colloidal  stability,  compared  to  larger  particles. 

For  molecular  sensing  with  AuNS,  we  adopted  a  clustering 
assay  format:  AuNS  coated  with  affinity  ligands  self-assemble 
into  nanoscale  clusters  in  the  presence  of  target  molecules 
(Figure  3a).  Such  clustering  could  produce  strong  plasmonic 
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Figure  3.  Electromagnetic  simulation  of  the  clustering  assay,  (a)  Schematic  of  the  AuNS  clustering  assay.  The  target  molecule  bridges  the  metal  tips 
of  AuNS  probes  to  concentrate  electrical  fields,  (b)  Simulated  electric  field  intensity  (E2)  surrounding  a  particle  pair.  The  field  magnitude  is  460 
times  higher  in  the  AuNS  dimer  (right)  than  in  the  AuNP  dimer  (left).  Scale  bar,  SO  nm.  (c)  The  field  intensity  (E2)  relative  to  that  of  the  incident 
light  (E2)  was  compared  for  different  assay  configurations.  The  clustering  assay  amplifies  the  signal  from  the  single-probe  assay,  (d)  The  spectral 
shift  (Ad)  for  each  assay  type  was  calculated  from  the  E-field  data.  The  overall  sensitivity  improved  by  >32  fold  with  the  AuNS-clustering  assay. 


coupling  among  AuNS  to  increase  the  spectral  shift.  We  first 
performed  a  three-dimensional  finite-difference  time-domain 
(FDTD)  simulation  (Figure  S5).  We  calculated  the  electric- 
field  (E-field)  of  AuNP  and  AuNS  dimers,  a  simplified  version 
of  clusters.  The  map  showed  the  field  intensity  (£2) 
concentrated  at  the  junction  of  two  metal  particles  (Figure 
3b).  The  AuNS  dimer  showed  up  to  460-fold  higher 
enhancement  than  the  AuNP  dimer  (Figure  3c),  with  E-field 
more  efficiently  concentrated  between  tips.  The  maximum 
enhancement  was  observed  when  two  tips  of  AuNS  aligned  in  a 
line.  Even  with  misaligned  tips,  however,  the  AuNP  dimer  still 
showed  higher  field  intensity  than  the  AuNP  dimer  (Figure  S5). 
The  simulation  also  confirmed  that  signal  amplification  could 
be  achieved  though  particle  clustering.  Forming  a  particle-dimer 
increased  the  field  intensity  by  1.7-fold  for  AuNS  (4-fold  for 
AuNP;  Figure  3c).  Such  increases  resulted  in  larger  spectral 
shift  (A2).  The  AA  for  the  AuNS  dimer,  as  estimated  from  the 
field  information,  was  2.3-fold  larger  than  AuNS  single  particle 
(Figure  3d). 

We  applied  the  AuNS  clustering  assay  to  detect  protein 
targets.  As  a  model  system,  we  used  avidin— biotin  interaction 
and  first  compared  the  detection  sensitivity  between  AuNS  and 
AuNP.  Biotinylated  particles  with  similar  volumes  (AuNP,  40 
nm  in  diameter;  AuNS,  70  nm  in  overall  size)  were  prepared 
and  concentration-matched  (see  Experimental  Procedures  in 
the  Supporting  Information  for  details).  Varying  concentrations 
of  avidin  were  added  to  particle  solutions,  and  resulting  spectral 
shifts  (AA)  were  measured.  In  the  presence  of  avidin,  the 
particles  clustered  and  their  spectral  peaks  red-shifted  (Figure 
4a).  Dynamic  light  scattering  measurements  confirmed  the 
avidin-specific  clustering;  the  hydrodynamic  diameter  increased 


with  avidin  concentration  (Figure  S6).  Dark-field  microscopy 
could  also  detect  AuNS  clustering.26  The  aggregated  particles 
appeared  brighter  than  individual  particles  due  to  the  increased 
scattering  cross-section  (Figure  S7).26  The  microscopy, 
however,  has  a  limited  assay  speed  and  throughput  and 
requires  fine-tuning  of  particle  concentrations  to  obtain  optimal 
particle  numbers  in  a  field-of-view.  In  all  concentrations  tested, 
AuNS  showed  larger  A  A  than  AuNP.  For  instance,  with  the 
addition  of  16  nM  of  avidin,  A  A  =  19  nm  for  AuNS,  and  A  A  = 
1.5  nm  for  AuNP.  Titration  measurements  further  confirmed 
the  superiority  of  AuNS  over  AuNP  (Figure  4b),  with  AuNS 
displaying  a  7-fold  lower  limit  of  detection  (LOD  =  3.4  nM) 
than  AuNP  (LOD  =  23.4  nM). 

We  next  examined  the  effect  of  the  interparticle  distance  on 
the  clustering  assay  sensing.  Reducing  the  interparticle  distance 
(dpl,)  is  crucial  in  improving  the  detection  sensitivity,  since  the 
field  enhancement  between  the  tips  decreases  exponentially 
with  dpp  (Figure  S8).  As  a  model  detection  target,  we  used  the 
kidney  injury  molecule-1  (KIMl),  a  urinary  protein  marker  for 
kidney  injury.27  To  control  the  particle  distance,  we  prepared 
two  types  of  probes  (see  Experimental  Procedures  in  the 
Supporting  Information):  AuNS  conjugated  with  full  polyclonal 
antibodies  (Ab-AuNS)  and  AuNS  with  half  antibody  fragments 
(Afq^-AuNS).  As  a  control,  we  prepared  AuNS  conjugated 
with  isotype-matched  IgG  antibodies.  The  KIMl  titration 
experiments  showed  dose-dependent  spectral  shifts  (Figure  4c), 
with  the  half  antibody  configuration  displaying  larger  spectral 
shifts  than  that  with  the  full-antibody  probes.  When  BSA  was 
used  as  a  control  analyte,  we  observed  negligible  signal  changes 
(Figure  S9);  this  confirmed  that  the  signal  changes  were  due  to 
antibody— antigen  specific  aggregation.  The  LOD  for  Ab1/1- 
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Figure  4.  Protein  detection  with  AuNS.  (a)  Biotinylated  AuNP  (Bt- 
AuNP)  and  AuNS  (Bt-AuNS)  with  similar  particle  volumes  were 
incubated  with  avidin,  and  the  corresponding  spectral  changes  were 
monitored.  With  the  addition  of  16  nM  of  avidin,  Bt-AuNS  displayed 
more  pronounced  spectral  shifts  (Ad  =  19  nm)  than  Bt-AuNP  (Ad  = 
1.5  nm).  (b)  Avidin-titration  experiments  confirmed  the  superior 
sensitivity  of  the  AuNS  system.  The  limit  of  detection  (LOD)  of  Bt- 
AuNS  was  7  times  lower  than  that  of  Bt-AuNP.  (c)  The  effect  of  the 
interparticle  distance  on  the  assay  sensitivity  was  studied.  Kidney 
injury  molecule-1  (KIMl)  was  used  as  the  detection  target.  To  change 
the  interparticle  distance,  AuNS  was  conjugated  with  either  full 
antibody  against  KIMl  (Ab-AuNS)  or  half  antibody  fragments  (Ab]  2- 
AuNS).  The  shorter  probe  (Ab1/2-AuNS)  produced  larger  LSPR 
spectral  shifts  in  KIMl  titration  measurements.  AuNS  conjugated  with 
isotype-matched  goat  IgG  was  used  as  control,  (d)  The  detection 
limits  of  the  three  systems  in  (b)  and  (c)  were  compared.  The 
detection  sensitivity  was  found  to  be  inversely  proportional  to  the 
interparticle  distance. 


AuNS  was  2-fold  lower  than  that  of  Ab-AuNS.  We  further 
compared  the  detection  sensitivity  as  a  function  of  the 
interparticle  distance  (Figure  4d,  Table  Si).  The  LOD  values 
were  obtained  from  the  titration  experiments  (Figure  4b  and 
4c),  and  dpp  was  estimated  from  the  lengths  of  the  passivation 
layer,  affinity  ligands,  and  target  molecules.  The  avidin— biotin 
system  ydpp  »  12  nm)  showed  the  lowest  detection  limit  (the 
highest  sensitivity),  followed  by  the  half  antibody— antigen  ( dpp 
«  19  nm)  and  the  full-antibody— antigen  (dpp  «  33  nm) 
systems.  The  improved  sensitivity  (2-fold)  with  a  shorter 
interparticle  distance  is  consistent  with  our  numerical 
simulation  data  (Figure  S8). 

In  summary,  AuNS  are  promising  nanoprobes  for  plasmonic 
biosensing.  With  multiple  branched  tips  at  their  surface,  AuNS 
can  concentrate  electromagnetic  fields  more  efficiently 
compared  to  spherical  particles  and  thereby  generate  larger 
plasmonic  spectral  shifts  upon  molecular  binding.  In  this  study, 
we  found  three  key  aspects  to  improve  sensitive  biosensing  with 
AuNS,  namely  l)  a  covalent  surface  coating  to  maintain  particle 
morphology  and  its  resonance  spectra;  2)  AuNS  clustering  to 
more  strongly  concentrate  electromagnetic  energy;  and  3) 
minimizing  the  interparticle  distance  in  AuNS  clusters.  The 
resulting  AuNS  assay  was  simple  and  fast,  as  the  reaction  occurs 
in  bulk  solution  and  the  signals  can  be  read  out  from  visual 
color  changes.  Compared  to  the  microscopic  observation  of 
individual  AuNS,  the  method  is  also  scalable  for  high 


D 


throughput  detection.  We  envision  that  this  assay  could  have 
potential  applications  in  point-of-care  molecular  detection. 
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ABSTRACT  Microvesicles  (MVs)  are  an  increasingly  important  source  for  biomarker 
discovery  and  clinical  diagnostics.  The  small  size  of  MVs  and  their  presence  in  complex 
biological  environment,  however,  pose  technical  challenges  in  sample  preparation, 
particularly  when  sample  volumes  are  small.  We  herein  present  an  acoustic  nanofilter 
system  that  size-specifically  separates  MVs  in  a  continuous  and  contact-free  manner. 

The  separation  uses  ultrasound  standing  waves  to  exert  differential  acoustic  force  on 
MVs  according  to  their  size  and  density.  By  optimizing  the  design  of  the  ultrasound 
transducers  and  underlying  electronics,  we  were  able  to  achieve  a  high  separation  yield 
and  resolution.  The  "filter  size-cutoff"  can  be  controlled  electronically  in  situ,  which 
enables  versatile  MV-size  selection.  We  applied  the  acoustic  nanofilter  to  isolate  nanoscale  (<200  nm)  vesicles  from  cell  culture  media  as  well  as  MVs  in 
stored  red  blood  cell  products.  With  the  capacity  for  rapid  and  contact-free  MV  isolation,  the  developed  system  could  become  a  versatile  preparatory  tool 
for  MV  analyses. 
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With  the  growing  recognition  that 
microvesicles  (MVs)  can  be  har¬ 
nessed  for  diagnostic  purposes,1,2 
concomitantly  increasing  is  the  importance 
of  separation  technology  to  enrich  these 
vesicles  from  biofluids.  MVs  are  membrane- 
bound  phospholipid  vesicles  (<1  y<m  in 
diameter)  and  are  actively  secreted  by  mam¬ 
malian  cells  into  the  circulation.  The  vesicles 
carry  molecular  constituents  of  their  origi¬ 
nating  cells, 3-7  and  are  often  viewed  as 
partial  surrogates  of  parental  cells.  Although 
MVs  are  abundant  in  the  circulation  (>1012 
vesicles  in  1  mL  of  blood),  isolating  intact 
MVs  is  still  a  challenging  task  because  of 
their  small  size  and  presence  in  complex 
media.  Conventional  batch  processes  (e.g., 
multiple  filtration,  ultracentrifugation)  often 
require  larger  sample  volumes,  and  entail 
time-consuming,  extensive  procedures,8 
which  can  lead  to  sample  loss,  and  potential 
structural  or  molecular  changes. 

Acoustics-based  microfluidics  is  a  simple 
and  yet  robust  strategy  for  on-chip  particle 
manipulation.9-15  The  method  generally 
uses  ultrasound  waves  to  exert  radiation 
forces  on  particles;  under  the  acoustic 
pressure,  particles  experience  differential 


forces  according  to  their  mechanical  prop¬ 
erties  (size,  density,  compressibility).  The 
operation  is  label-free  and  can  be  per¬ 
formed  without  any  physical  contact  be¬ 
tween  the  field  sources  and  fluidics.  These 
advantages  render  the  technology  biocom¬ 
patible  and  ideally  suited  for  integration 
with  microfluidics.  Many  different  types  of 
acousto-microfluidic  systems  have  been  de¬ 
veloped  to  manipulate  micrometer-scale 
(>1  y<m)  objects  (e.g.,  mammalian  cells,16'17 
droplets,18  microspheres19  and  platelets20). 
Acoustic  separation  of  submicrometer  MVs, 
however,  has  yet  to  be  demonstrated.  A 
major  difficulty  in  such  implementation  is 
the  requirement  for  high  radiation  force, 
arising  from  the  small  size  and  low  com¬ 
pressibility  of  MVs. 

We  herein  report  on  an  acoustic  nanofil¬ 
ter  system  developed  to  separate  MVs  from 
other  contents  of  biological  samples.  We 
hypothesized  that  acoustic  forces  could  be 
used  to  fractionate  MVs  according  to  their 
size,  thereby  enabling  size-selective  MV  iso¬ 
lation  on  chip.  The  device  was  optimized, 
specifically  in  the  design  of  ultrasound 
transducers  and  its  electronics,  to  exert 
maximal  acoustic  force  on  MVs.  We  further 
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Figure  1.  Acoustic  nanofilter  for  label-separation  of  microvesicles  (MVs).  (A)  Scanning  electron  microscopy  image  of  MVs 
released  by  human  brain  tumor  cells  (GBM20/3).  The  size  of  MVs  are  typically  <1  /<m.  (B)  Filter  operation.  MVs  in  the  acoustic 
region  are  under  the  acoustic  radiation  pressure  and  transported  to  nodes  of  acoustic  pressure  region  (inset).  Larger  MVs 
move  faster  as  the  acoustic  force  is  proportional  to  the  MV  volume.  Sheath  flows,  positioned  at  the  node  region,  remove  large 
MVs,  whereas  the  center  flow  retains  small  MVs.  (C)  Device  schematic.  A  pair  of  interdigitated  transducer  (IDT)  electrodes  are 
used  to  generate  a  standing  surface  acoustic  wave  across  the  flow  direction.  Large  MVs  are  collected  at  the  two  side  outlets, 
and  small  MV  at  the  center  outlet.  (D)  Micrographs  of  a  prototype  device.  The  IDT  electrodes  were  patterned  on  a  piezoelectric 
(LiNCy  substrate.  The  fluidic  channel  was  permanently  bonded  to  the  substrate. 


constructed  an  analytical  model  to  fine-tune  the 
size  cutoff  as  well  as  to  estimate  the  separation  yields. 
The  developed  system  was  applied  to  sort  different 
types  of  extracellular  MVs.  We  isolated  exosomes 
(diameter  <200  nm)  from  cell  culture  medium  and 
erythrocyte-derived  vesicles  from  stored  blood  units. 
The  operation  was  fast  and  simple:  MVs  were  collected 
inside  a  single  microfluidic  device  in  a  label-free, 
continuous  and  size-tunable  manner.  The  developed 
system  could  be  a  versatile  preparatory  tool  for 
MV  analyses  to  further  extend  the  utility  of 
acoustofluidics. 

RESULTS 

Acoustic  Nanofilter.  The  acoustic  nanofilter  was  de¬ 
signed  to  separate  extracellular  MVs  (<  1  /<m;  Figure  1  A) 
through  in-flow  size-fractionation.  Figure  1 B  shows  the 
operation  principle.  Particles  in  an  acoustic  field  ex¬ 
perience  radiation  forces  and  migrate  toward  the 
pressure  nodes  (Figure  IB,  inset).  The  radiation  force 
is  proportional  to  the  particle  volume,12  whereas  the 
viscous  drag  to  the  particle  size.  Larger  particle  thus 
move  faster  to  the  pressure  nodes,  and  can  be  trans¬ 
ferred  into  sheath  streams  to  exit.  The  cutoff  size  (dc) 
can  be  determined  in  situ  through  the  control  of 
acoustic  power  and  flow  speed.  Because  the  filtering 
is  performed  in  a  continuous-flow  manner,  the  risk  of 
channel  clogging  is  minimized. 

The  device  schematic  is  illustrated  in  Figure  1C. 
A  pair  of  interdigitated  transducer  (IDT)  electrodes  are 


patterned,  and  used  as  an  ultrasound  source.  The  flow 
channel  has  two  inlets  for  sample  and  sheath  fluid, 
respectively,  and  is  designed  to  focus  the  sample  flow 
in  the  middle  of  the  channel.  The  IDT  electrodes 
generate  a  symmetric  standing  surface  acoustic  wave 
(SSAW)  field  across  the  channel  direction,  deflecting 
large  particles  toward  the  side  outlets;  small  particles 
are  collected  at  the  center  outlet. 

We  implemented  a  prototype  device  (Figure  1 D) 
using  LiNb03  piezoelectric  wafer  as  a  substrate.  The  IDT 
electrodes  were  patterned  via  standard  lithography 
(see  Materials  and  Methods  for  details).  The  fluidic 
structure,  separately  fabricated,  was  bonded  to  the 
SSAW  chip  (see  Supporting  Information  (SI)  Figure  SI 
for  details  on  the  device  structure).  We  chose  the 
acoustic  wavelength  X  =  100  /rm  to  accommodate  a 
wide  channel  width  (60  //m)  as  well  as  to  produce 
sufficient  acoustic  forces  (>0.1  pN  on  l-/<m  MVs).  The 
resulting  signal  frequency  for  SSAW  generation  was 
38.5  MFIz.  We  further  matched  the  impedance  be¬ 
tween  IDT  electrodes  and  the  signal  source  to  max¬ 
imize  the  energy  transfer.  The  frequency  response  of 
the  IDT  electrodes  was  measured,  and  the  equivalent 
circuit  was  generated  (SI  Figure  S2).  We  then  used  the 
L-matching  network  topology  to  transform  the  device 
impedance  to  that  of  a  signal  generator  (50  Q). 

Analytical  Model.  We  set  up  an  analytical  model  for 
the  implemented  acoustic  nanofilter.  The  acoustic 
force  (FJ  on  a  spherical  particle  (diameter,  d)  can  be 
expressed  as15 
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Figure  2.  Analytical  modeling  of  the  implemented  device.  (A)  Acoustic  force  (F„)  on  MVs  (diameter,  d  =  1000  nm)  was 
calculated  across  the  flow  direction.  Note  that  Fa  has  its  maximum  magnitude  inside  the  sheath  flow  region.  (B)  Trajectories  of 
MVs  with  different  diameters  were  simulated  along  the  flow  stream  (z-direction).  The  time  for  MVs  to  reach  the  sheath  flow  is 
~  d  2,  which  can  be  exploited  for  size-selective  MV  sorting.  (C)  The  separation  efficiency  (£)  was  obtained  by  estimating  the 
fraction  of  MVs  collected  in  the  center  outlet.  Higher  RF  input  power  (P)  leads  to  enrichment  smaller  MVs.  (D)  The  filter  size 
cutoff  (dc)  was  obtained  by  imposing  £  <  0.1 .  The  cutoff  values  can  be  set  by  controlling  the  input  RF  power  (P)  and  the  flow 
speed  (L/).  For  a  given  (P,  U)  setting,  MVs  with  d  <  dc  will  be  collected  in  the  center  channel.  Representative  dc  contour  lines  are 
shown.  This  map  was  used  to  set  the  device  parameters  in  the  subsequent  experiments. 
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where  p  is  the  acoustic  pressure,  /3m  is  the  compres¬ 
sibility  of  the  medium,  and  x  is  the  particle  position 
across  the  fluidic  channel  (Figure  2A).  The  acoustic 
pressure  is  further  determined  from  the  device  char¬ 
acteristics,  p  =  ( PZ/A)U 2  where  Z  is  the  acoustic  im¬ 
pedance  of  the  substrate,/!  is  the  IDT  area,  and  P  is  the 
power  of  the  input  signal.  The  mechanical  properties  of 
MVs  are  represented  by  the  acoustic  contrast  factor 
<t>  =  (5 pp  -  2pm)/(2pp  +  pj  -  0 3P  //3m),  where  pp  and  /3P 
are  the  density  and  the  compressibility  of  the  particle, 
respectively,  and  pm  is  the  density  of  the  media.  Since 
(f>  >  0,  MVs  in  aqueous  buffer  move  to  the  pressure 
nodes  where  Fa  has  its  extremum  values.  The  wave¬ 
length  2,  is  thus  controlled  to  position  the  nodes  in  the 
sheath  flow  region  (Figure  2A). 

The  motion  of  MVs  in  a  viscous  flow  can  be 
obtained  by  solving  Fa  +  Fd  =  0  where  Fa  is  the  acoustic 
force  and  the  Fd  is  the  viscous  drag  (see  Supporting 
Information  for  details).  Figure  2B  shows  the  simu¬ 
lated  trajectory  of  MVs  (pp  =  11 30  kg/m3,  /3p  =  3.5  x 
10-10  Pa-1)21  with  different  sizes  (d  =  200,  500,  and 
1000  nm)  in  an  aqueous  medium  (pm  =  1000  kg/m3, 
/3m  =  5.1  x  10-10  Pa-1).  Because  the  acoustic  force  is 
proportional  to  the  particle  volume  and  the  drag  force 
to  the  particle  diameter,  larger  MVs  move  faster  to  the 
pressure  nodes.  Indeed,  the  transit  time  (f0)  of  MVs 


moving  from  the  channel  center  to  the  sheath  flow  is 
~1/d2,  which  enables  size-selective  MV  separation. 

We  further  analyzed  the  separation  efficiency  (£). 
As  an  initial  input,  we  assumed  a  monodisperse  MV 
population  (diameter,  d)  entering  the  sample  channel. 
We  then  calculated  the  MV  fraction  collected  at  the 
center  outlet  after  the  acoustic  filtration  (SI  Figure  S3). 
Figure  2C  shows  £  with  varying  MV  size.  For  a  given 
flow  rate  ( U )  and  the  channel  length  (/.),  higher  input 
power  (P)  leads  to  steeper  rejection  of  large  MVs.  By 
determining  the  minimum  d  value  for  £  <  0.1,  we  then 
estimated  the  size  cutoff  ( dc )  of  the  device  (Figure  2D 
and  Supporting  Information).  Note  that  the  cutoff 
can  be  readily  adjusted  in  the  optimal  size  ranges 
(100—1000  nm)  for  MV  fractionation,  by  controlling 
the  operation  parameters  (P  and  U). 

System  Evaluation.  We  validated  the  device  perfor¬ 
mance  using  polystyrene  beads.  Samples  were  pre¬ 
pared  by  mixing  two  differently  sized,  fluorescent 
polystyrene  beads  (green,  d  =  190  nm;  red,  d  = 
1000  nm)  in  phosphate  buffered  saline  (PBS)  solution. 
Prior  to  sample  injection,  the  fluidic  channel  was  sur¬ 
face-treated  (0.1%  FI  27  in  PBS)  to  prevent  nonspecific 
binding  of  particles.  We  set  the  operation  parameters 
(P  =  0.5  W,  U  =  2.8  mm/s)  to  achieve  dc  =  470  nm; 
the  acoustic  contrast  factor  <j>  was  0.76,  based  on  the 
density  (pp  =  1050  kg/m3)  and  the  compressibility 
(/3p=  1.5  x  1 0-10  Pa-1)  of  polystyrene  beads. 
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Figure  3.  Filter  validation  with  polystyrene  particles.  (A)  Fluorescent  particles  of  different  size  (d  =  190  nm,  green; 
d  =  1000  nm,  red)  were  mixed  and  processed  by  the  acoustic  nanofilter.  Trajectories  from  the  numerical  simulation  (left) 
and  the  experimental  result  (right)  showed  good  agreement,  with  small  and  large  particles  respectively  exiting  to  the  center 
and  the  side  outlets.  (B)  Particle  size  distribution  measured  by  dynamic  light  scattering  confirmed  the  size-selective 
enrichment  of  particles.  (C)  The  recovery  rate  was  estimated  by  comparing  the  fluorescence  intensities  of  samples  before 
and  after  the  filtration.  The  observed  recovery  rate  was  >90%  for  both  particles. 


Fluorescence  microscopy  (Figure  3A,  right)  showed 
size-dependent  separation  of  beads  along  the  fluidic 
stream.  Larger  particles  (red)  migrated  to  the  sheath 
streams  and  exited  through  the  side  outlets,  whereas 
smaller  particles  (green)  were  collected  at  the  center 
outlet  (see  SI  Movie  SI  for  time-lapse  images).  The 
observed  results  agreed  with  those  from  hydrody¬ 
namic  simulation  (Figure  3A,  left).  The  size  distribution 
of  particles,  as  measured  by  dynamic  light  scattering, 
further  confirmed  the  device  operation.  We  observed  two 
distinct  size  groups  in  the  initial  mixture;  these  groups 
were  correctly  sorted  in  separate  outlets  after  the  acoustic 
nanofiltration  (Figure  3B).  The  separation  efficiency 
was  determined  from  the  fluorescence  intensity  of  the 
collected  particles  and  showed  >90%  for  both  small  and 
large  particles  (Figure  3C).  We  further  monitored  the 
separation  efficiency  at  different  bead  concentrations. 
Samples  were  prepared  by  spiking  varying  amounts  of 
small  beads  (190  nm)  into  the  suspension  of  large  beads 
(1000  nm).  The  acoustic  nanofilter  maintained  a  consis¬ 
tent  separation  efficiency  (>90%)  with  the  dynamic  range 
spanning  2  decades  (SI  Figure  S4). 

Exosome  Purification.  We  next  applied  the  acoustic 
nanofilter  to  enrich  exosomes  from  other  types  of  ex¬ 
tracellular  MVs.  The  size  of  exosomes  is  considered1,22 
<  200  nm.  We  thus  tuned  the  device  setting  (P  =  1 .5  W, 


U  =  1 .5  mm/s)  to  set  the  size  cutoff  dc  =  300  nm  for 
exosome  isolation,  using  the  acoustic  contrast  factor 
<f)  =  0.38  for  lipid  vesicles  (pp  =1130  kg/m3,  pp  =  3.5  x 
10~10  Pa-1).21,22  For  quantitative  analyses,  exosomes 
and  larger  MVs  were  prepared  from  cell  culture  media 
via  filtration  and  ultracentrifugation  (see  Materials  and 
Methods),  and  were  independently  labeled  with  green 
and  red  fluorescence,  respectively.  Known  amounts  of 
exosomes  and  larger  MVs  were  then  mixed  and  pro¬ 
cessed  by  the  acoustic  nanofilter. 

Figure  4A  shows  the  size  distribution  of  samples 
measured  by  nanoparticle-tracking  analysis  (NTA)  sys¬ 
tem.  The  initial  mixture  displayed  two  vesicle  popula¬ 
tions  with  their  median  diameter  positioned  at  1 49  and 
410  nm,  respectively.  Following  the  acoustic  filtration, 
the  small  and  large  particle  populations  were  sepa¬ 
rated  into  the  center  and  side  outlets,  respectively  (see 
SI  Figure  S5  for  electron  micrographs).  The  recovery 
rates,  estimated  from  fluorescence  intensity  measure¬ 
ments,  were  >80%  for  exosomes  and  >90%  for  larger 
MVs  (Figure  4B).  Western  blotting  (Figure  4C)  and 
immunofluorescent  microscopy  (SI  Figure  S5b)  further 
showed  the  enrichment  of  exosomes.  Samples  at  the 
center  outlet  displayed  high  expression  of  exosomal 
markers,  both  extravesicular  (CD63)  and  intravesicular 
(Flotillin-1,  HSP70,  FISP90),  whereas  the  expression  of 
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Figure  4.  Exosome  separation.  (A)  The  acoustic  nanofilter  was  used  to  separate  exosomes  ( d  <  200  nm)  from  other  types  of 
extracellular  MVs.  The  size  cutoff  ( dc )  was  set  to  300  nm  by  controlling  P  =  1 .5  W  and  U  =  1 .5  mm/s  (see  Figure  2D).  The  size 
distribution  of  samples  after  the  acoustic  filtration  was  measured  via  nanoparticle  tracking  analysis  (NTA),  which  showed  the 
respective  enrichment  of  small  and  large  vesicles  in  the  center  and  the  side  outlets.  (B)  The  recovery  rate  was  measured  using 
a  mixture  of  prestained  exosomes  and  bigger  MVs.  (C)  Western  blotting  further  confirmed  the  enrichment  of  exosomes. 
Vesicles  collected  at  the  center  outlet  displayed  high  expression  of  exosome  protein  markers  (CD63,  Flotillin-1,  FISP90, 
FISP70).  MVs  at  the  side  outlets  had  high  expression  of  /?1  -integrin,  a  marker  for  larger  membrane  MVs. 
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Figure  5.  Monitoring  of  MVs  in  packed  red  blood  cell  (pRBC)  units.  (A)  As  a  part  of  their  aging  process,  red  blood  cells  (RBCs) 
shed  MVs.  In  stored  pRBC  units,  MV  numbers  thus  increase  over  time.  The  acoustic  nanofilter  was  used  to  enrich  RBC-derived 
MVs  directly  from  pRBC  samples.  The  size  cutoff  (dc)  was  set  to  450  nm.  (B)  The  size  distribution  of  collected  MVs  was  analyzed 
by  NTA.  A  single  MV  population  with  the  mean  d  =  90.9  nm  was  observed,  (c)  The  concentration  of  RBC-derived  MVs  [MVRBC] 
was  serially  monitored  in  pRBC  units  (n  =  5).  The  acoustic  nanofilter  was  used  to  collect  MVs  from  10  of  pRBC  samples. 
The  average  [MVRBd  value  increased  with  the  storage  time. 


other  vesicular  marker  (Integrin  /31 )  was  low.  The 
profile  was  reverse  with  MVs  collected  at  the  side 
outlets.  The  results  also  pointed  to  the  vesicle  integrity, 
demonstrating  negligible  acoustic  damage  from  bub¬ 
ble  cavitation. 

MV  Separation  from  Red  Blood  Cells.  We  further  applied 
the  acoustic  filter  to  purify  MVs  in  packed  red  blood  cell 
(pRBC)  units.  As  a  part  of  their  aging  process,  RBCs  shed 
MVs  (Figure  5A),  effectively  removing  toxic,  denatured 
hemoglobin  and  membrane  proteins.  In  stored  blood 
units,  the  number  of  these  RBC-derived  MVs  increases 
over  time.23-25  MV  separation  and  counting  thus  can 
be  applied  in  monitoring  the  quality  of  blood  products. 
To  separate  MVs  from  RBCs,  we  set  the  size  cutoff 


dc  =  450  nm  (P=1.5W,U  =  2.5  mm/s).  pRBC  samples 
were  directly  processed  by  the  acoustic  filter.  RBC-MVs 
were  enriched  at  the  center  outlet,  whereas  RBCs  were 
streamed  to  the  side  outlets.  The  size  of  the  collected 
RBC-MVs  was  <200  nm  (Figure  5B),  in  agreement  with 
previous  reports.25  The  performance  of  the  acoustic 
filtration  was  as  effective  as  that  of  a  standard  method 
(see  Materials  and  Methods);  the  enriched  MVs  as¬ 
sumed  a  similar  size  distribution,  and  the  separation 
yields  were  comparable  (SI  Figure  S6).  We  also  moni¬ 
tored  the  temporal  changes  of  RBC-MV  counts.  Stored 
pRBCs  units  (n  =  5)  were  sampled  (10/<L  per  sample  per 
time  point)  and  processed  at  different  time  points. 
RBC-MVs  were  collected  by  the  acoustic  nanofilter. 
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RBC-MV  numbers,  measured  by  NTA,  indeed  signifi¬ 
cantly  increased  over  time  (p  <  0.03,  ANOVA),  thereby 
confirming  their  potential  as  a  metric  of  blood  aging. 

CONCLUSION 

We  have  developed  an  acoustic-based  microfluidic 
system  for  label-free  and  continuous  filtration  of  MVs. 
We  identified  two  key  parameters  which  are  important 
in  assuring  efficient  manipulation:  (i)  high  ultrasound 
frequency  and  (ii)  efficient  energy  transfer  to  the  sound 
transducer.  We  met  these  requirements  by  optimizing 
the  transducer  geometry  (IDT  electrodes)  and  by  utiliz¬ 
ing  the  impedance  matching  network.  The  resulting 
system  achieved  >90%  separation  yields,  and  allowed 
for  in  situ  control  of  size  cutoff.  Analytical  and  numer¬ 
ical  analyses  validated  experimental  observations,  and 
guided  the  setting  of  device  parameters  for  specific  MV 
targets. 

The  developed  system  could  be  a  potential  prepara¬ 
tory  tool  for  MV  analyses.  Compared  to  conventional 
isolation  methods  (e.g.,  ultracentrifugation,  membrane 


filtration),  acoustic  filtering  is  fast,  gentle  on  vesicles, 
and  compatible  with  limited  sample  volumes.  It 
also  provides  an  easy  approach  to  change  the  size- 
cutoff.  In  this  study,  we  performed  a  binary  separation 
(exosomes  vs  larger  vesicles;  microvesicles  vs  red  blood 
cells).  By  cascading  the  separation  regions  with  differ¬ 
ent  size-cutoffs,  it  would  be  possible  to  differentiate 
multiple  types  of  vesicles  according  to  their  size  profile 
(e.g.,  exosomes,  oncosomes,  apoptotic  bodies).21,26-28 

Several  aspects  of  the  system  could  be  further  devel¬ 
oped  to  expand  its  functionality.  First,  different  trans¬ 
ducer  designs,  such  as  slanted-fingers29  and  tilted-angle 
electrodes,30  could  be  investigated  to  better  control  the 
acoustic  force  and  improve  the  sample  throughput. 
Second,  integrating  analytical  components  (e.g.,  sen¬ 
sors,  polymerase  chain  reaction)  into  the  same  platform 
would  be  another  promising  approach  to  realize  a 
portable  lab-on-chip  for  MV  analyses.  Such  advances 
will  facilitate  both  clinical  applications  and  biological 
studies  of  MVs,  as  well  as  extend  the  utility  of  acoustic 
microfluidics  toward  the  nanoscale  regime. 


MATERIALS  AND  METHODS 

Device  Fabrication.  The  acoustic  nanofilter  consisted  of  two 
parts:  a  standing-surface-acoustic-wave  (SSAW)  chip  and  a 
microfluidic  channel.  The  SSAW  chip  was  fabricated  on  a  piezo¬ 
electric  substrate.  A  LiNb03  wafer  with  XY  128°  cut  was  pur¬ 
chased  (University  Wafer).  Interdigitated  transducer  (IDT) 
electrodes  were  patterned  via  conventional  optical  lithography, 
and  metal  layers  (Ti,  50  A;  Au,  800  A)  were  deposited.  The 
patterned  wafer  was  then  cut  into  a  desired  size  (21  mm  x 
21  mm)  with  a  dicing  saw.  The  microfluidic  structure  was 
fabricated  in  polydimethylsiloxane  (PDMS;  Dow  Corning)  via 
soft-lithography  technique.  The  channel  mold  was  formed  on 
a  Si  wafer,  using  an  epoxy-based  photoresists  (SU-8  2050, 
Microchem).  The  cross-section  of  the  channel  was  60  /< m  x 
80  fim  (width  x  height).  Both  the  SSAW  chip  and  the  micro¬ 
fluidic  block  were  treated  with  oxygen  plasma,  aligned  and 
irreversibly  bonded.  We  used  ethanol  as  a  temporary  lubricant 
during  the  alignment.  To  strengthen  the  bonding,  the  assembly 
was  cured  on  a  hot  plate  (80  °C)  for  overnight. 

System  Setup.  As  a  RF  source,  a  signal  generator  (Agilent, 
N5158a)  and  power  amplifiers  (Mini  circuits,  TB-45)  were  used. 
The  device  operation  was  monitored  by  an  inverted  fluores¬ 
cence  microscope  (Ti-E,  Nikon).  Images  were  recorded  by 
a  scientific-CMOS  camera  (Zyla  5.5,  Andor)  and  analyzed  by 
Image-J  software. 

Separation  Assay  with  Polystyrene  Particles.  Fluorescent  polysty¬ 
rene  particles  with  diameters  of  190  nm  (Dragon  Green,  Bangs 
laboratory)  and  1000  nm  (Flashred,  Bangs  laboratory)  were 
used.  Varying  concentration  of  both  particles  were  mixed  in 
phosphate  buffered  saline  (PBS)  solution.  Aliquots  (50/rL)  of  the 
particle  mixture  were  then  processed  by  the  acoustic  nanofilter. 
The  size  distribution  of  particles  at  the  sample  inlet  and  outlets 
were  measured  by  dynamic  light  scattering  (Zetasizer  Nano  ZS, 
Malvern  Instruments).  To  estimate  the  separation  yields,  the 
fluorescence  intensities  of  the  original  and  the  separated 
samples  were  measured  at  the  emission  wavelength  of  513 
and  680  nm  (Varian  Cary  Eclipse,  Agilent). 

Exosome  Separation.  Microvesicles  (MVs)  were  isolated  from 
cell  culture.  Human  ovarian  carcinoma  cells  (OvCA429,  ATCC) 
were  cultured  in  RPMI-1640  medium  (Cellgro)  supplemented 
with  fetal  bovine  serum  (FBS,  Cellgro,  10%),  penicillin  and 
streptomycin  (Cellgro,  1%),  and  L-glutamine  (1%).  Cells  were  cul¬ 
tured  at  37  °C  in  a  humidified  atmosphere  containing  5%  C02. 


Cells  at  passages  1-15  were  cultured  in  vesicle-depleted 
medium  (with  5%  depleted  FBS)  for  48  h.  At  their  70%  con¬ 
fluence,  conditioned  culture  medium  was  collected  from  ~107 
cells  and  differentially  centrifuged  to  isolated  larger  MVs  as 
previously  described.7  In  brief,  the  medium  was  filtered  through 
a  membrane  filter  (0.8  /rm  pore,  Millipore)  and  centrifuged 
(lOOOOg,  90  min).  The  pellet  was  retrieved  as  a  large  MV  frac¬ 
tion.31  Remaining  supernatant  was  filtered  through  a  0.22-/<m 
membrane  filter  (Millipore)  and  concentrated  by  differential 
centrifugation  (lOOOOOg,  90  min)  to  isolate  exosomes.  Vesicle 
size  was  independently  confirmed  by  the  nanoparticle  tracking 
analysis  (NTA;  LM1 0,  NanoSight).  Exosomes  and  larger  MVs  were 
labeled  respectively  with  green  and  red  fluorescent  cell  mem¬ 
brane  dyes  (PKH67  and  PKH26,  Sigma-Aldrich)  before  being 
mixed  for  sorting.  The  mixture  (50  pL)  was  processed  by  the 
acoustic  nanofilter.  The  sorted  populations  were  analyzed  for 
their  size  distribution  and  fluorescence  intensity  as  described 
above. 

Western  Blotting.  Isolated  MVs  were  lysed  in  radio-immuno- 
precipitation  assay  buffer  and  supplemented  with  protease 
inhibitors  (RIPA  buffer,  Thermo  Scientific).  MV  samples  were 
collected  from  the  outlets  of  the  microfluidic  device  and  stored 
at  -20  °C  before  analysis.  Protein  concentration  was  quantified 
using  the  bicinchoninic  acid  assay  (BCA  assay  kit,  Thermo 
Scientific).  Protein  lysates  were  loaded  and  resolved  by  sodium 
dodecyl  sulfate  polyacrylamide  gel  electrophoresis  (SDS-PAGE) 
and  transferred  to  PVDF  membrane  (Life  Technologies).  The 
PVDF  membrane  was  then  incubated  overnight  with  antibodies 
against  CD63  (Santa  Cruz),  Flotillin-1  (BD  Biosciences),  HSP90  (Cell 
Signaling),  HSP70  (Cell  Signaling)  and /?  1  -integrin  (Cell  Signaling). 
Following  incubation  with  secondary  antibody  (Cell  Signaling), 
enhanced  chemiluminescence  was  used  for  detection. 

MV  Isolation  from  Stored  Red  Blood  Cell  (RBC)  Units.  Packed  RBC 
(pRBC)  units  were  obtained  from  the  Massachusetts  General 
Hospital  (MGH)  Blood  Bank  (Boston,  MA).  The  units  were 
preserved  in  Adsol  solution,  and  stored  at  4  °C.  For  serial  MV 
monitoring,  a  10-pL  sample  was  drawn  from  each  pRBC  unit 
using  a  sterile  coupler  and  25G  needle,  after  7, 28,  and  42  days  of 
storage.  All  samples  were  used  directly  for  sorting  with  the 
acoustic  nanofilter.  The  standard  MV  samples  were  prepared  via 
differential  centrifugation  steps  (400g  20  min,  lOOOOg,  3  min) 
followed  by  membrane  filtration  (0.22  /<m  pore).  The  size 
distribution  and  concentration  of  MVs  were  measured  by  NTA. 
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The  widespread  distribution  of  smartphones,  with  their  integrated 
sensors  and  communication  capabilities,  makes  them  an  ideal 
platform  for  point-of-care  (POC)  diagnosis,  especially  in  resource- 
limited  settings.  Molecular  diagnostics,  however,  have  been  diffi¬ 
cult  to  implement  in  smartphones.  We  herein  report  a  diffraction- 
based  approach  that  enables  molecular  and  cellular  diagnostics. 
The  D3  (digital  diffraction  diagnosis)  system  uses  microbeads  to 
generate  unique  diffraction  patterns  which  can  be  acquired  by 
smartphones  and  processed  by  a  remote  server.  We  applied  the  D3 
platform  to  screen  for  precancerous  or  cancerous  cells  in  cervical 
specimens  and  to  detect  human  papillomavirus  (HPV)  DNA.  The 
D3  assay  generated  readouts  within  45  min  and  showed  excellent 
agreement  with  gold-standard  pathology  or  HPV  testing,  respec¬ 
tively.  This  approach  could  have  favorable  global  health  applica¬ 
tions  where  medical  access  is  limited  or  when  pathology  bottle¬ 
necks  challenge  prompt  diagnostic  readouts. 

cancer  diagnostics  |  smartphone  |  molecular  sensing  | 
point-of-care  diagnostics  |  cervical  cancer 

The  rapid  dissemination  of  electronic  communication  devices 
such  as  smartphones,  tablets,  and  wearable  electronics,  all 
with  integrated  sensors,  creates  new  possibilities  for  inexpensive 
point-of-care  (POC)  diagnostics  and  care  delivery.  One  example 
is  detecting  cancer  in  low-  and  middle-income  countries  where 
limited  resources  and  geographical  constraints  often  lead  to  missed 
opportunities  for  intervention,  resulting  in  mortalities  even  with 
treatable  cancers  (1).  Current  efforts  to  control  cancer  thus  focus 
on  implementing  population-based  early  screening  programs;  a 
key  element  for  success  is  a  cost-effective,  robust  diagnostic  plat¬ 
form  that  can  be  readily  deployed  into  POC  settings  (2).  Whereas 
conventional  microscopy  of  human  samples  (smears,  aspirates, 
biopsies,  blood)  is  the  most  widely  used  to  diagnose  cancer,  its 
POC  adaptation  is  limited  by  inherent  drawbacks  such  as  bulky 
optics,  requirements  for  trained  microscopists,  and  operator- 
dependent  variability. 

Recent  advances  in  digital  sensors  and  computational  ap¬ 
proaches  have  introduced  new  microscopy  techniques.  Digital 
holography,  in  particular,  has  emerged  as  one  alternative  to  con¬ 
ventional  bright-field  microscopy.  Following  the  initial  description 
of  lens-free  holography  by  Kreuzer  s  group  (3),  various  diffraction- 
based  imaging  systems  have  been  developed  (4-8).  The  majority  of 
recent  work,  however,  is  based  on  identifying  targets  by  their  in¬ 
herent  morphology  (e.g.,  blood  cells,  bacteria,  Caenorhabditis  ele- 
gans)  (4,  9-14).  We  reasoned  that  it  would  be  possible  to  impart 
molecular  specificity  to  improve  disease  detection  and  phenotyp- 
ing  akin  to  other  molecular  profiling  strategies  (15,  16). 

Here  we  describe  a  digital  diffraction  diagnostics  (D3) — a  com¬ 
putational  analysis  of  distinct  diffraction  patterns  generated  by 
microbeads  that  bind  to  biological  target  of  interest.  The  strategy 
can  detect  a  broad  range  of  targets  (SI  Appendix,  Table  SI):  soluble 
proteins,  nucleic  acids,  or  cellular  proteins.  To  provide  effective 


POC  operation  at  remote  sites,  we  adopted  a  client-server  model: 
the  data  acquired  by  a  smartphone  were  digitally  processed  by  a 
remote  parallel-computing  server.  We  tested  the  approach  by 
exploring  cancer  cell  profiling  with  immunomicrobeads.  Diffraction 
patterns  generated  by  microbeads  were  detected  with  a  smart¬ 
phone  camera  in  a  bright-field  setting,  and  digital  processing 
reconstructed  the  images  of  bead-bound  cells  to  retrieve  molec¬ 
ular  information.  The  assay  protocol  enabled  molecular  analyses 
on  >104  individual  cells  in  a  single  still  image,  with  the  entire 
assay  complete  in  45  min.  As  an  initial  proof-of-principle  in  hu¬ 
man  clinical  samples,  we  used  D3  to  screen  for  cervical  cancer,  the 
third  most  prevalent  cancer  in  women  worldwide,  with  80%  of 
cases  occurring  in  resource-limited  countries  (16).  Cellular  analyses 
using  the  D3  assay  reliably  identified  patients  at  high  clinical  risk 
for  malignancy.  To  show  its  versatility,  we  further  extended  the  D3 
assay  to  other  disease  targets,  including  human  papillomavirus 
(HPV)  DNA  and  lymphoma  cell  detection  in  fine-needle  aspirates. 

Results 

D3  Platform.  The  D3  assay  for  cell  detection  is  illustrated  in  Fig. 
L4.  Specimens  are  obtained  from  minimally  invasive  procedures 
(e.g.,  smears,  brushings,  fine-needle  aspiration,  blood  draw),  and 


Significance 

Smartphones  and  wearable  electronics  have  advanced  tre¬ 
mendously  over  the  last  several  years  but  fall  short  of  allowing 
their  use  for  molecular  diagnostics.  We  herein  report  a  generic 
approach  to  enable  molecular  diagnostics  on  smartphones.  The 
method  utilizes  molecular-specific  microbeads  to  generate  unique 
diffraction  patterns  of  "blurry  beads"  which  can  be  recorded  and 
deconvoluted  by  digital  processing.  We  applied  the  system  to 
resolve  individual  precancerous  and  cancerous  cells  as  well  as  to 
detect  cancer-associated  DNA  targets.  Because  the  system  is 
compact,  easy  to  operate,  and  readily  integrated  with  the  stan¬ 
dard,  portable  smartphone,  this  approach  could  enable  medical 
diagnostics  in  geographically  and/or  socioeconomically  limited 
settings  with  pathology  bottlenecks. 
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Fig.  1.  D3  platform.  (A)  Assay  schematic  for  cellular  detection.  Target  cells 
in  patient  samples  (e.g.,  blood  or  biopsy)  are  immunolabeled  with  microbeads, 
and  their  diffraction  patterns  are  recorded.  The  diffraction  images  are  then 
digitally  reconstructed  into  object  images  wherein  bead-labeled  target  cells  are 
identified.  For  the  detection  of  other  types  of  targets,  see  SI  Appendix,  Table 
SI.  (fi)  The  snap-on  module  for  a  smartphone  consists  of  an  LED  powered  by  a 
coin  battery,  a  pinhole  for  uniform  illumination  with  partial  coherence,  and  a 
sample  mount.  (C)  The  D3-mounted  smartphone's  embedded  phone  camera  is 
used  to  record  the  diffraction  images  of  the  specimen.  The  recorded  images  are 
transferred  to  a  server  via  the  cloud  service  for  real-time  image  reconstruction 
and  analyses,  which  can  be  returned  to  the  smartphone  in  less  than  2  min. 


through  an  iterative  optimization  (19-21).  In  each  iteration,  the 
routine  applied  physical  constraints  (i.e.,  light  transmittance  and 
object  supports)  to  a  reconstructed  object  image  and  updated  the 
corresponding  diffraction  patterns  with  retrieved  phase  infor¬ 
mation  (see  Materials  and  Methods  for  details).  The  method 
provided  high  phase  contrast  between  cells  and  microbeads  (Fig. 
2 B).  Each  type  could  be  easily  distinguished,  even  when  the  size 
was  similar  (SI  Appendix,  Fig.  S4). 

Following  reconstruction,  images  were  processed  by  the  detec¬ 
tion  routine.  The  algorithm  generated  transmittance  and  phase- 
correlation  maps  by  scanning  a  microbead  reference  image  over 
the  reconstructed  images  (SI  Appendix,  Fig.  S5).  Cells  and 
microbeads  could  be  differentiated  from  the  transmittance  and 
phase  correlations,  respectively.  Subsequently,  cells  labeled  with 
microbeads  were  automatically  identified,  and  their  individual 
bead  counts  were  recorded. 

To  accelerate  imaging  analyses,  we  used  a  server  equipped 
with  a  graphics  processing  unit  (GPU).  The  code  executed  mas¬ 
sively  parallel  image  processing  threads  (>5,000)  using  its  multi¬ 
core  processors,  which  permitted  near-instantaneous  image  re¬ 
construction  and  postanalyses  (SI Appendix,  Table  S2).  For  instance, 
using  a  448-core  GPU  (Tesla  C-2070),  a  16-bit  1024  x  1024  dif¬ 
fraction  pattern  could  be  analyzed  within  90  ms,  ~3, 000-fold  faster 
than  relying  on  a  conventional  central  processing  unit  (4  cores 
2.4  GHz;  Fig.  2C). 

We  adopted  an  encrypted  cloud  storage  for  data  transfer.  The 
scheme  provides  a  buffer  for  asynchronous  communication  be¬ 
tween  smartphones  and  the  server,  and  is  readily  scalable  to 
global  networks.  To  minimize  data  transfer  time,  especially  from 


cells  are  labeled  with  molecular-specific  microbeads.  Labeled  sam¬ 
ples  are  placed  directly  on  the  imaging  device.  Interference  patterns 
between  scattered  light  from  the  specimen  and  the  reference  light 
are  recorded  (17,  18).  Digital  signal  processing  then  recovers  and 
analyzes  object  images.  Because  individual  cells  are  spatially  re¬ 
solved  and  only  target-cell-associated  beads  are  counted,  there  is 
no  need  for  washing  steps,  leading  to  simplified  assays.  Selective 
microbead  binding  is  critical  to  distinguishing  target  cells  from 
other  host  cells  and  quantitatively  profiling  protein  markers  in 
individual  cells. 

To  perform  the  D3  assay  in  POC  settings,  we  implemented  a 
portable  sensing  terminal  that  uses  the  embedded  optics  and 
communication  functions  of  a  smartphone  (Fig.  IB).  We  con¬ 
structed  a  snap-on  module,  containing  both  a  light  source  and 
sample  insert,  to  mount  over  the  phone  camera  (SI Appendix,  Fig. 
SI).  The  acquired  diffraction  patterns  were  transferred  to  a  ded¬ 
icated  server  for  postprocessing  (SI  Appendix,  Fig.  S2).  Following 
this  step,  the  analytical  readouts  (e.g.,  target  cell  counts,  bead 
counts  per  cell)  and  reconstructed  images  were  sent  back  to  the 
smartphone  for  display.  This  scheme  frees  the  sensing  terminals 
from  heavy  computation  load,  thereby  making  their  implemen¬ 
tation  simple  and  cost-effective.  All  data  were  communicated 
through  a  secure  cloud  service,  and  we  programmed  a  user-friendly 
interface  to  streamline  the  process  (SI Appendix,  Movie  SI).  The 
system  had  a  wide  field-of-view  (FOV),  whereas  microscopic  res¬ 
olution  could  be  achieved  through  numerical  reconstruction.  The 
FOV  and  the  spatial  resolution  for  iPhone  4S  were  14  mm2  and 
2  pm,  respectively.  Alternatively,  a  miniaturized  imager  connected 
to  a  local  computer  can  be  used  (e.g.,  MT9P031,  Aptina  Imaging 
Inc.;  SI  Appendix,  Fig.  S3),  which  had  an  FOV  and  spatial  reso¬ 
lution  of  24  mm2  and  2  pm,  respectively. 

D3  Processing.  To  accurately  detect  bead-bound  target  cells,  we 
formulated  a  processing  algorithm  for  image  reconstruction  and 
postanalysis  (Fig.  24).  The  reconstruction  was  based  on  the 
Rayleigh-Sommerfeld  diffraction  principle  but  was  extended  to 
digitally  retrieve  both  transmittance  and  phase  shift  of  objects 
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Fig.  2.  Real-time  reconstruction  and  counting  process.  (A)  Diagram  of  re¬ 
construction  and  counting  algorithm.  A  diffraction  image,  normalized  by  a 
reference  image  obtained  in  the  absence  of  specimens,  is  reconstructed 
through  an  iterative  process.  Following  the  image  reconstruction,  cells  and 
beads  are  detected  using  a  counting  algorithm,  which  scanned  a  reference 
image  of  a  microbead  over  the  reconstructed  image.  ( B )  Examples  of  the  image 
reconstruction.  Raw  diffraction  patterns  of  cancer  cells  and  7-|im  microbeads 
show  undecipherable  patterns.  The  reconstruction  algorithm  recovers  both 
transmittance  and  phase  information.  Cells  and  microbeads  can  be  differ¬ 
entiated  from  their  high  phase  contrast.  The  bead-bound  cells  are  automat¬ 
ically  identified,  and  the  bead  numbers  are  counted.  The  transmittance 
(green)  and  phase  contrast  (red)  images  are  pseudocolored  to  better  visualize 
optical  properties  of  cells  and  beads.  (C)  Computational  time  for  image  re¬ 
construction  and  cell/bead  counting  (1-MB  pixel  image)  with  and  without 
GPU-implemented  systems. 
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Fig.  3.  High-throughput  cell  and  bead  identification.  (A)  Diffraction  and 
reconstructed  images  of  7-pm  microbeads  at  a  concentration  of  5  x  107 
beads  per  mL.  More  than  105  objects  can  be  detected  at  microscopic 
resolution  from  a  single  image  (also  see  SI  Appendix,  Fig.  S7).  (6)  Com¬ 
parison  between  the  D3-counted  microbeads  and  leukocytes  and  their 
expected  counts.  Note  the  linearity  (fi2  >  0.97)  even  at  very  high  bead 
or  cell  concentrations  (4  x  10s  beads  per  mL  and  1  x  10s  cells  per  mL). 
(C)  Temporal  image  reconstruction  of  cells  in  flow.  Diffraction  images 
were  recorded  at  4  frames  per  s  and  reconstructed  in  real  time  by  the  D3 
server.  A  bead-labeled  cancer  cell  (black  arrow),  a  nontargeted  cell  (red), 
and  a  free-floating  microbead  (blue)  are  automatically  identified.  (Inset) 
High-resolution  details  of  the  bead-labeled  cell  undergoing  rotational 
motion  in  the  flow  stream. 


smartphones  to  a  cloud  storage,  we  converted  original  uncompressed 
color  images  (24  MB)  into  lossless  gray-scale  images  (2.9  MB, 
Portable  Network  Graphics/PNG  format).  When  microbeads  with 
the  diameter  of  >5  pm  were  used,  the  file  could  be  further  com¬ 
pressed  (0.4  MB,  Joint  Photographic  Experts  Group/JPEG  format) 
without  affecting  bead  counts  (SI  Appendix,  Fig.  S6).  These  final 
images  can  be  transferred  to  the  cloud  storage  within  3  min,  even 
through  legacy  2G  cellular  network  (transfer  speed,  20  kbps). 

High-Throughput  D3  Assay  for  Cell  Detection.  With  its  large  FOV 
(14  mm2  for  iPhone  4S  and  24  mm2  for  the  image  sensor)  and 
rapid  image  processing,  the  D3  platform  enabled  high-through¬ 
put  cellular  analyses.  In  a  single  image  acquisition,  more  than 
100,000  individual  objects  can  be  detected  at  microscopic  reso¬ 
lution  (Fig.  3x1  and  SI  Appendix,  Fig.  S7).  The  dynamic  range  of 
detection  spanned  over  4  orders  of  magnitude  (Fig.  3 B),  with  the 
object  concentration  reaching  up  to  ~108  microbeads  or  cells  per 
milliliter  of  sample  (SI  Appendix,  Figs.  S7-S9).  The  capacity  for 
high-density  imaging,  combined  with  the  recognition  of  bead- 
bound  cells,  made  it  possible  to  detect  target  cells  in  the  presence 
of  abundant  host  cells  (e.g.,  leukocytes)  and  unbound  microbeads. 
Importantly,  this  eliminated  the  need  for  external  washing  and 
purification  steps.  The  assay  throughput  could  be  further  in¬ 
creased  by  flowing  target  cells  through  a  microfluidic  channel 
and  imaging  in  real-time  (FOV,  2.5  X  2.5  mm2;  10  frames  per  s) 
(Fig.  3C  and  SI  Appendix,  Fig.  S10  and  Movie  S2).  This  is  akin 
to  a  flow  cytometer  with  imaging  capabilities  for  quantitative 
analysis  (22),  but  in  a  miniaturized  system. 

Quantitative  Profiling.  We  next  applied  the  D3  assay  to  cell  pro¬ 
filing  (Fig.  4*4).  Human  cancer  cell  lines  were  immunolabeled 
with  microbeads  to  generate  specific  diffraction  signatures.  Whereas 
it  is  possible  to  use  antibody-coated  microbeads  directly  on  cells, 
we  found  that  a  two-step  approach  increased  bead  binding  (23). 
We  thus  opted  for  highly  efficient  bioorthogonal  [e.g.,  between 
transcyclooctene  and  tetrazine  (24)]  or  streptavidin/biotin  ap¬ 
proaches.  For  example,  using  the  latter,  cells  were  first  targeted 
by  biotinylated  antibodies  and  subsequently  incubated  with 


streptavidin-coated  microbeads.  We  further  tested  commercially 
available  microbeads  in  different  sizes  (diameter  3-22  pm).  A 
bead  diameter  between  5  and  7  pm  was  found  to  optimize  ac¬ 
curate  bead  counting  while  minimizing  cell  clustering  (SI  Ap¬ 
pendix,  Fig.  Sll). 

To  validate  D3-based  cellular  profiling,  we  measured  the 
expression  of  three  protein  markers,  human  epidermal  growth 
factor  receptor  2  (HER2)/nen,  epithelial  cell  adhesion  molecule 
(EpCAM),  and  epidermal  growth  factor  receptor  (EGFR),  on 
human  cells  (SkBr3,  human  breast  carcinoma).  Samples  were 
immunolabeled  with  7-pm  microbeads  and  analyzed  using  the  D3 
system  (Fig.  4x1  and  SI  Appendix,  Fig.  S12).  The  average  bead 
count  per  cell  was  highest  for  HER2/new  targeting  (8.0  beads  per 
cell),  followed  by  EpCAM  (3.9  beads  per  cell)  and  EGFR  (0.5 
beads  per  cell);  these  results  were  consistent  with  immunofluo¬ 
rescence  microscopy.  Unlike  microscopy,  however,  the  D3  assay 
enabled  simultaneous  analyses  of  far  greater  numbers  of  cells 
(>10,000  cells)  because  of  its  wide  FOV.  The  cellular  bead  counts 
generated  with  automated  D3  analyses  were  statistically  identical 
with  those  from  manual  microscopy  enumeration  (P  =  0.43;  paired 
t  test;  Fig.  4 B  and  SI  Appendix,  Fig.  S13).  Further  comparison  with 
flow  cytometry  validated  D3  assays  analytically  capacity  (Fig.  4C). 
The  number  of  beads  per  cell  correlated  linearly  with  levels  of 
marker  expression  (R2  =  0.99).  Similar  D3  profiling  on  a  different 
cell  line  (A431,  human  epidermoid  carcinoma)  also  matched  well 
with  immunofluorescence  microscopy  and  flow  cytometry  results 
(SI  Appendix,  Fig.  S14). 

Whereas  the  above  examples  used  parallel  profiling  of  sepa¬ 
rate  images,  it  is  also  possible  to  perform  multiplexing  within  the 
same  sample  using  microbeads  of  different  optical  signatures. 
For  instance,  we  tested  three  bead  sizes  and  three  different  ma¬ 
terials  (e.g.,  polystyrene,  silica,  silica  coated  with  silver)  that  can 
be  effectively  distinguished  through  nominal  size  and  transmittance, 
respectively.  Combining  these  sets  could  provide  nine-channel  mul¬ 
tiplexing  (SI  Appendix,  Fig.  S15). 


Fig.  4.  Detecting  cancer  cell  markers  with  immunobead  labeling.  (A)  Cancer 
cells  (SkBr3,  human  breast  carcinoma)  were  immunobead-labeled  for  HER2# 
EpCAM,  and  EGFR.  ( Top  Row)  Representative  reconstructed  images  in 
pseudocolor  (green,  transmittance;  red,  phase).  ( Middle  Row)  Corresponding 
bright-field  micrographs.  ( Bottom  Row)  Cells  labeled  with  fluorescent  anti¬ 
bodies  for  comparison.  HER2,  human  epidermal  growth  factor  receptor  2; 
EpCAM,  epithelial  cell  adhesion  molecule;  EGFR,  epidermal  growth  factor 
receptor.  ( B )  The  bead  numbers  on  labeled  cells,  determined  automatically 
by  D3,  were  in  good  agreement  ( R 2  =  0.97)  with  those  counted  manually 
from  microscope  images.  (C)  The  average  bead  count  per  cell  correlated  with 
the  expression  level  of  a  target  marker  as  determined  by  flow  cytometry 
(R2  =  0.99).  MFI,  mean  fluorescence  intensity,  a.u.,  arbitrary  unit. 
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Clinical  Applications  of  D3.  We  evaluated  the  clinical  utility  of  D3 
by  first  focusing  on  cervical  cancer  surveillance.  Cervical  cancer 
maintains  high  incidence  rates  in  resource-poor  countries  (16) 
where  the  availability  of  objective  early  screening  systems  is  lim¬ 
ited.  We  reasoned  that  the  portable  D3  system  could  be  used  as  a 
first-line  diagnostic  tool  without  subjective  readouts  to  promptly 
triage  suspicious  or  high-risk  cases.  The  strategy  could  potentially 
offset  pathology  bottlenecks  and  reduce  repeated  patient  visits 
to  central  clinics,  which  are  often  complicated  by  geographical 
and/or  socioeconomic  constraints  (25,  26). 

We  obtained  cervical  specimens  through  brushing,  loop  elec- 
trosurgical  excision  procedure  (LEEP),  or  biopsies  during  col- 
poscopic  evaluation.  Twenty-five  patients  with  previously  abnormal 
Pap  smear  results  were  recruited.  Cellular  samples  were  labeled 
with  a  mixture  of  tagged  antibodies  against  EpCAM,  CD44,  or 
tumor-associated  calcium  signal  transducer  (TACD2/Trop2). 
These  cancer  markers  were  chosen  for  their  elevated  expression 
in  cervical  cancer  as  described  in  literature  (27-29).  We  counted 
the  total  number  of  bead-bound  cells  as  well  as  the  number  of 
microbeads  per  cell.  Blinded  to  D3  results,  patient  specimens  were 
separately  examined  through  conventional  pathology,  and  clas¬ 
sified  into  three  risk  classes:  “high  risk,”  “low  risk,”  or  “benign” 
(Fig.  5M)  The  D3  analyses  showed  that  bead  counts  among 
targeted  cells  increased  along  the  clinical  risk  (Fig.  5 B).  The 
mean  bead  counts  (n^d)  per  targeted  cell  were  significantly  dif¬ 
ferent  among  the  clinical  risk  classifications  (P  <  0.05,  Tukey  mul¬ 
tiple  comparison  test),  indicating  that  could  serve  as  a  single 
diagnostic  measure  (Fig.  5C).  The  class  boundaries,  determined 
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Fig.  5.  Cervical  cancer  diagnosis  with  the  D3  platform.  (A)  Histology  (Top) 
and  representative  reconstructed  image  of  cells  ( Bottom )  from  high-risk 
(cervical  intraepithelial  neoplasia/CIN  2,  3),  low-risk  (CIN  1),  and  benign  pa¬ 
tient  samples.  Samples  were  targeted  with  a  mixture  of  EpCAM,  CD44,  and 
Trop2  antibodies,  followed  by  microbead  labeling.  More  beads  were  bound 
to  cells  in  higher  risk  patient  samples.  The  transmittance  (green)  and  the 
phase  (red)  were  pseudocolored  for  clarification.  (B  and  C)  The  profiling 
result  of  patient  samples  (n  =  25).  The  average  numbers  of  beads  per  labeled 
cell  were  significantly  different  among  high-risk,  low-risk,  and  benign 
groups.  The  dotted  lines  indicate  the  class  boundaries.  *P  =  0.035;  **P  < 
0.001;  ***P  <  0.001. 


from  multiclass  logistic  regression,  were  >  4.2  between  high 
risk  and  low  risk;  and  nbead  >  2.4  between  low  risk  and  benign.  We 
further  dichotomized  the  patients  into  two  groups,  high  risk 
versus  low  risk/benign,  to  reflect  the  conventional  clinical  process 
for  intervention  and/or  follow-up.  In  our  limited  data  set,  the 
detection  sensitivity  was  100%  and  the  specificity  92%  (high  risk 
vs.  low  risk/benign). 

We  also  adopted  the  same  D3  platform  for  the  HPV-DNA  de¬ 
tection  (SI  Appendix,  Fig.  S1&4),  given  its  high  relevance  in  cervical 
cancer  diagnostics.  We  applied  the  bead-dimer  assay  format:  a  pair 
of  oligonucleotides,  whose  sequences  were  complementary  to 
that  of  target  DNA,  were  conjugated  to  silica  and  polystyrene 
microbeads,  respectively.  The  target  DNA  was  captured  on  poly¬ 
styrene  (PS)  beads  and  sequentially  labeled  with  silica  beads.  The 
hybridization  yielded  PS-silica  bead  dimers  with  unique  diffraction 
signature  (SI  Appendix,  Fig.  S16B).  The  number  of  PS-silica  hybrids 
was  then  counted  to  quantify  the  amount  of  target  DNA.  The  D3 
assay  was  highly  sensitive;  HPV  16  and  18  DNA  targets  could  be 
detected  down  to  atto-mole  range  without  PCR  amplification  (SI 
Appendix,  Fig.  S16  C  and  D ).  Compared  with  fluorescent  detection, 
the  bead-based  D3  assay  benefited  from  simpler  optics  (i.e.,  no  filter 
sets)  and  stronger  light  signal  (bright  field). 

Extending  the  clinical  utility  of  D3  to  other  malignancies,  we 
conducted  a  pilot  study  to  detect  lymphoma  cells  in  fine-needle 
aspirates  (FNA)  of  lymph  nodes  in  patients  with  lymphadenop- 
athy.  POC  lymphoma  diagnostics  would  be  of  particular  interest 
in  sub-Saharan  Africa  plagued  by  a  high  prevalence  of  AIDS- 
related  cancers  and  lymphoma  (the  “second  wave  of  AIDS”) 
(25,  30,  31).  Freshly  harvested  FNA  samples  were  incubated  with 
immunobeads  specific  to  CD20,  one  lymphoma  marker  (SI  Ap¬ 
pendix,  Fig.  S17).  Subsequent  D3  analysis  allowed  the  correct 
diagnosis  of  four  patients  with  pathology  confirmed  lymphoma 
and  also  excluded  the  diagnosis  in  another  four  patients  with 
confirmed  benign  lymphadenopathy. 

Discussion 

Global  cancer  rates  continue  to  increase,  and  the  World  Health 
Organization  predicts  new  cases  to  rise  to  19.3  million  by  2025  as 
the  world’s  population  grows,  ages,  and  gains  access  to  anti¬ 
retroviral  drugs  (1,  32-35).  Rapid  cancer  screening,  however, 
remains  an  unmet  clinical  need.  The  D3  strategy  reported  here 
could  address  some  of  the  diagnostic  challenges  in  resource- 
limited  areas.  It  capitalizes  on  the  already  widespread  distribution 
of  smartphones  and  allows  fast  (minutes-hours  for  a  final  an¬ 
swer),  very  low  cost  (compared  with  sectioning,  microscopes,  and 
flow  cytometers),  and  simple  diagnostics.  Molecular  diagnoses 
are  achieved  by  integrating  immunolabeling  assays,  cloud  com¬ 
puting,  and  digital  processing.  The  resulting  system  enables 
quantitative  and  operator-independent  cellular  analysis  and  re¬ 
ports  not  only  cancer  cell  counts  but  also  the  expression  levels  of 
molecular  markers.  In  a  pilot  study  of  cervical  cancer  screening, 
we  used  three  molecular  markers  to  define  risk  categories  based 
on  invasiveness.  The  D3  assay  was  fast  (40  min  for  immunolab¬ 
eling,  most  of  which  is  “hands-off’  time  and  3  min  for  data  pro¬ 
cessing;  SI  Appendix,  Table  S3)  and  cost-effective  ($1.80  per  assay; 
SI  Appendix,  Table  S4).  We  expect  that  the  assay  costs  will  ulti¬ 
mately  be  much  cheaper  once  scaled  up  and  further  optimized. 

We  anticipate  further  improvements  in  some  analytical  capa¬ 
bilities  of  D3.  First,  a  next-generation  system  would  incorporate 
multiplexed  cellular  detection  based  on  different  optical  prop¬ 
erties  of  microbeads.  We  have  shown  that  microbeads  can  be 
differentiated  based  on  their  size  and  absorbance  (SI  Appendix, 
Fig.  S15).  Applying  these  signatures  would  enable  multiplexed 
molecular  profiling  of  the  same  cells  to  improve  detection  ac¬ 
curacy.  In  parallel,  superresolution  approaches  could  be  used  to 
improve  the  spatial  resolution  (6,  14,  36-38),  and  thereby  further 
boost  D3’s  multiplexing  capacity.  Compressive  sensing  is  par¬ 
ticularly  appealing  (39,  40),  as  it  can  numerically  reconstitute 
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high-frequency  information  (i.e.,  small  features  in  images) 
with  no  modification  in  the  current  D3  setup.  By  incorporating 
compressive  sensing,  we  expect  to  reconstruct  images  with  sub¬ 
micrometer  resolution  (~0.6  pm),  which  would  allow  analyses 
of  all  types  of  mammalian  cells.  Second,  DNA  detection  should 
be  further  developed  for  POC  operation.  This  would  require 
implementing  disposable  cartridges  (41,  42)  and  portable  sys¬ 
tems  (43,  44)  for  DNA  extraction  and  amplification.  Finally,  the 
platform  should  be  tested  for  robust  field  operation.  We  plan  to 
establish  a  lyophilization  protocol  for  transport  and  storage  of 
reagents  (e.g.,  antibodies,  microbeads)  (45).  The  validation  tests 
will  be  extended  using  larger  cohorts,  variably  skilled  operators, 
and  diverse  environment  settings  to  obtain  better  statistical 
power  (reproducibility,  accuracy,  diagnostic  performance).  In 
this  light,  the  work  presented  here  has  catalyzed  two  larger  clinical 
trials  focused,  respectively,  on  cervical  cancer  (including  FIPV 
testing)  and  lymphoma  detection  (FNAs  of  enlarged  lymph  nodes). 
We  envision  that  these  advances  will  position  D3  as  a  versatile 
screening  tool  for  various  cancer  types  (e.g.,  cervix,  breast,  lym¬ 
phoma)  and  infectious  diseases  (e.g.,  Ebola,  HIV,  tuberculosis)  with 
applications  in  field  work,  mobile  clinics,  and  home  care  settings. 

Materials  and  Methods 

D3  Imaging  Terminal.  Electrical  components  [e.g.,  light-emitting  diode  (LED), 
battery  socket,  switch]  were  purchased  (Digi-Key)  and  mounted  on  a  custom- 
designed  printed  circuit  board.  The  main  body  of  the  snap-on  module  was 
machined  out  of  black  acrylic  plastic,  and  housed  the  light  source  (590  nm),  a 
100-|im  pinhole,  and  a  minilens.  The  focal  length  (4  mm)  of  the  lens  was 
similar  to  that  of  the  embedded  lens  (4.2  mm)  in  the  phone  camera  (5/ 
Appendix,  Fig.  SI).  By  pairing  these  two  lenses,  we  achieved  a  unit  magni¬ 
fication  to  maximize  the  FOV,  and  used  the  phone  camera  without  any 
modification.  The  size  of  the  snap-on  was  4  x  4  x  5.5  cm3. 

D3  App.  The  D3  app  was  programmed  with  user-friendly  interfaces  for 
operation  in  iOS  6  or  higher  version.  The  app  has  three  main  screens: 
(/)  image  capturing  and  processing,  (//')  reconstruction  parameters  settings, 
and  (Hi)  data  communication  with  a  cloud  service.  The  images  captured 
by  a  phone  camera  module  were  saved  as  uncompressed  data  (PNG)  or 
compressed  image  (JPEG),  and  uploaded  along  with  other  imaging  in¬ 
formation  (e.g.,  wavelength,  diagnosis  location,  time,  patient  data)  into  a 
dedicated  folder  in  a  cloud  storage  (Dropbox).  The  uploaded  images  were 
processed  by  a  D3  image  GPU  server  (see  below),  and  the  results  were 
saved  into  a  subfolder.  The  D3  app  subsequently  downloaded  recon¬ 
structed  images  and  analysis  results.  All  data  were  encrypted  according  to 
the  256-bit  Advanced  Encryption  Standard.  The  application  program  in¬ 
terface  library  from  the  vendor  (Dropbox)  was  used  to  implement  the  data 
transfer  routine. 

D3  Imaging  Server.  The  D3  server  (HP  xw4600  workstation,  Hewlett  Packard) 
had  the  following  system  specifications  (SI  Appendix,  Table  S2):  CPU,  Core2 
Duo  E8500  3.16  GHz  (Intel);  memory,  8-GB  DDR2  (double  data  rate2);  GPU, 
Tesla  C-2070  (Nvidia);  operating  system,  Ubuntu  12.04  64-bit.  The  GPU  had 
448  CUDA  (Compute  Unified  Device  Architecture)  cores  and  6  GB  memory. 
The  signal  processing  program  was  written  in  C++  language  and  used 
vendor-provided  modules  (CUDA  extensions,  CUDA  driver  5.0,  CUFFT  li¬ 
brary).  The  image  analysis  workflow  is  shown  in  SI  Appendix,  Fig.  S2.  The 
imaging  server  cyclically  polled  a  dedicated  folder  in  a  cloud  storage 
(Dropbox).  When  new  images  and  image  information  were  uploaded,  the 
imaging  server  executed  image  reconstruction  and  postimaging  analyses 
(cell  and  bead  counting).  The  reconstructed  images  and  counting  statistics 
were  then  saved  into  a  subfolder.  When  synchronized  in  the  cloud  storage, 
the  image  and  data  files  could  be  accessed  by  users. 

Image  Reconstruction.  The  size  of  an  uncompressed  image  file  on  the  iPhone 
4S  was  ~24  MB  (2,448  x  3,264  pixels,  24-bit  RGB).  This  raw  image  file  was 
converted  to  gray-scale  PNG  ( — 2.9  MB)  or  JPEG  (~0.4  MB)  files  (SI  Appendix, 
Fig.  S6),  and  normalized  by  a  reference  image  recorded  without  samples. 
The  normalization  removed  intrinsic  defects  and  accurately  calculated  object 
transmittance  (21).  The  normalized  diffraction  images  were  up-sampled  four 
times  through  linear  interpolation  and  used  as  input  data  for  reconstruction. 
The  reconstruction  was  based  on  phase  retrieval  algorithms,  which  can  recover 
phase  information  from  intensity-based  diffraction  patterns  through  iterative 


processes  (4,  18,  19).  The  algorithm  has  four  steps:  (/)  back-propagate  an 
input  image,  (/'/)  apply  constraints,  (///)  forward-propagate  updated  image, 
and  (/V)  update  retrieved  phase  information.  First,  the  normalized  diffrac¬ 
tion  image  was  numerically  back-propagated  by  an  optical  distance  be¬ 
tween  the  object  and  the  imager.  We  calculated  the  optimal  optical 
distance  by  finding  a  focal  depth  with  the  sharpest  object  boundary  (46). 
Calculating  field  propagation  was  based  on  the  Rayleigh-Sommerfeld  dif¬ 
fraction  integral  in  a  convolution  approach,  where  the  propagated  field 
was  calculated  by  the  inverse  Fourier  transform  of  the  multiplication  be¬ 
tween  the  Fourier  transform  of  field  and  the  transfer  function  (20).  During 
the  first  iteration,  object  supports  were  defined  using  a  segmentation 
method,  where  object  boundaries  were  found  by  thresholding  intensity 
variances  (46).  For  the  back-propagated  image,  pixels  outside  the  object 
supports  were  regarded  as  background,  and  their  transmittance  values 
(i.e.,  the  modulus  of  field)  were  set  to  unity.  If  a  pixel  inside  the  object 
support  had  a  transmittance  value  larger  than  unity  due  to  artificial  twin- 
image  superimposition,  its  transmittance  value  was  also  forced  to  unity. 
After  applying  the  constraints,  the  updated  image  was  propagated  to  the 
image  plane,  where  the  forward-propagated  field  had  nonzero  phase  in¬ 
formation.  The  phase  information  was  added  to  the  measured  diffraction 
image  as  a  new  input.  The  process  was  usually  repeated  10~30  times  until 
the  reconstructed  image  with  retrieved  phase  information  converged. 

Counting  Algorithm.  For  detecting  beads  and  cells,  a  microbead  reference 
image  was  scanned  over  the  reconstructed  images  to  generate  modulus  and 
phase  correlation  maps  as  shown  in  SI  Appendix,  Fig.  S5.  The  reference 
microbead  image  was  obtained  by  averaging  microbead  images  in  a  pure 
bead  solution.  The  correlation  coefficients  for  modulus  and  phase  were 
calculated  from  pixel-to-pixel  comparison  between  reference  and  recon¬ 
structed  images.  Cells  were  first  detected  when  a  local  maximum  phase 
correlation  coefficient  was  larger  than  the  threshold  value  of  phase  corre¬ 
lation  coefficient,  which  was  obtained  from  images  of  pure  cell  population. 
For  each  cell  detected,  microbeads  within  the  object  support  were  detected 
from  the  local  maxima  of  the  modulus  correlation  coefficients.  Microbeads 
within  a  distance  of  10  pixels  (or  22  pm)  from  a  center  of  cells  were  con¬ 
sidered  bound  to  cells.  This  search  radius  was  experimentally  determined  for 
7-|im  beads.  The  detection  algorithm  was  validated  by  comparing  bead 
counts  with  manual  counting  using  a  conventional  microscopy.  The  micro¬ 
scope  was  equipped  with  a  lOx  objective  (N.A.  =  0.17)  and  a  cooled  CCD 
camera  (7.4  x  7.4-|im2  pixel  size;  Spot  RT3,  Diagnostic  Instruments  Inc.),  and 
produced  images  with  1.4  pixel/|im  resolution. 

Clinical  Samples.  The  clinical  study  was  approved  by  the  Partners  Healthcare 
Institutional  Review  Board  (Massachusetts  General  Hospital/Brigham  and 
Women's  Hospital).  Informed  consent  was  obtained  from  adult  women 
who  were  referred  to  the  Colposcopy  Clinic  for  previously  abnormal  Pap 
smears.  Samples  were  obtained  by  brushing,  cervical  biopsy,  or  LEEP.  One 
clinical  provider  (M.A.-W.)  performed  all  cervical  procedures  and  provided 
excess  or  otherwise  discarded  ectocervical  or  endocervical  specimens.  Bi¬ 
opsies  entailed  visualizing  the  exocervix  and  bathing  with  5%  acetic  acid 
using  clinically  standard  procedures.  Suspicious  aceto-white  epithelial 
changes  were  identified  with  a  colposcope  (Foto  Optik;  Leisegang  Medical 
Inc.)  followed  by  punch  biopsies.  Before  the  use  of  acetic  acid,  brushing 
samples  were  collected  with  surgical  brushes  (Surgipath  C-E  Brush,  Leica 
Microsystems;  Cytobrush  Plus  GT  Gentle  Touch,  BD  Surepath).  Samples 
were  suspended  in  sterile  PBS  (1  mL),  and  incubated  (30  min,  20  °C)  with  a 
mixture  of  antibodies  against  EpCAM  (clone  MAB9601,  R&D  Systems),  CD44 
(clone  IM7,  Biolegend),  and  Trop2  (Clone  162-46.2,  Abeam).  The  antibody 
concentration  was  5  ng/mL  for  each.  Targeted  samples  were  then  in¬ 
cubated  with  streptavidin-coated  polystyrene  microbeads  (0.5  mg,  7-|am 
diameter,  Spherotech)  for  10  min  at  room  temperature  and  analyzed  using  the 
D3  platform.  Here,  the  sample  volume  examined  was  10  (iL;  the  number  of 
microbeads  per  cell  was  automatically  counted  using  D3  software.  All  exper¬ 
iments  were  conducted  blind  to  pathology  results  and  clinical  interpretation  of 
risk.  Please  see  SI  Appendix  for  cell  preparation,  fluorescence  measurements, 
HPV-DNA  detection,  and  clinical  lymph  node  samples. 
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SUMMARY 

Genetic  screens  are  powerful  tools  for  identifying 
genes  responsible  for  diverse  phenotypes.  Here  we 
describe  a  genome-wide  CRISPR/Cas9-mediated 
loss-of-function  screen  in  tumor  growth  and  metas¬ 
tasis.  We  mutagenized  a  non-metastatic  mouse  can¬ 
cer  cell  line  using  a  genome-scale  library  with  67,405 
single-guide  RNAs  (sgRNAs).  The  mutant  cell  pool 
rapidly  generates  metastases  when  transplanted 
into  immunocompromised  mice.  Enriched  sgRNAs 
in  lung  metastases  and  late-stage  primary  tumors 
were  found  to  target  a  small  set  of  genes,  suggesting 
that  specific  loss-of-function  mutations  drive  tumor 
growth  and  metastasis.  Individual  sgRNAs  and  a 
small  pool  of  624  sgRNAs  targeting  the  top-scoring 
genes  from  the  primary  screen  dramatically  accel¬ 
erate  metastasis.  In  all  of  these  experiments,  the  ef¬ 
fect  of  mutations  on  primary  tumor  growth  positively 
correlates  with  the  development  of  metastases.  Our 
study  demonstrates  Cas9-based  screening  as  a 
robust  method  to  systematically  assay  gene  pheno¬ 
types  in  cancer  evolution  in  vivo. 

INTRODUCTION 

Cancer  genomes  have  complex  landscapes  of  mutations  and 
diverse  types  of  genetic  aberrations  (Lawrence  et  al.,  2013; 
Weinberg,  2007).  A  major  challenge  in  understanding  the  cancer 
genome  is  to  disentangle  alterations  that  are  driving  the  pro¬ 
cesses  of  tumor  evolution  from  passenger  mutations  (Garraway 
and  Lander,  2013).  Primary  tumor  growth  and  metastasis  are 
distinct  yet  linked  processes  in  the  progression  of  solid  tumors 
(Nguyen  et  al.,  2009;  Valastyan  and  Weinberg,  201 1 ;  Vanharanta 
and  Massague,  201 3).  It  has  been  observed  in  the  clinic  that  the 
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probability  of  detecting  metastases  in  a  patient  correlates  posi¬ 
tively  with  the  size  of  a  primary  tumor  (Heimann  and  Heilman, 
1998).  Several  possible  explanations  have  been  suggested:  met¬ 
astatic  properties  may  only  be  acquired  in  late-stage  tumors, 
larger  tumors  may  seed  proportionally  more  cells  into  circulation 
that  eventually  migrate  to  other  sites,  or  cells  with  a  strong  ability 
to  proliferate  may  also  have  enhanced  ability  to  metastasize 
(Weinberg,  2007).  In  early  studies  using  random  insertional 
mutagenesis,  it  was  observed  that  metastatic  cell  subpopula¬ 
tions  overgrow  to  complete  dominance  in  the  primary  tumor, 
suggesting  progressive  selection  at  both  sites  (Korczak  et  al., 
1988;  Waghorne  et  al.,  1988). 

Genetic  screens  are  powerful  tools  for  assaying  phenotypes 
and  identifying  causal  genes  in  various  hallmarks  of  cancer  pro¬ 
gression  (Hanahan  and  Weinberg,  201 1).  RNAi  and  overexpres¬ 
sion  of  open  reading  frames  (ORFs)  have  been  utilized  for 
screening  cancer  genes  in  several  models  of  oncogenesis  in 
mice  (Schramek  et  al.,  2014;  Shao  et  al.,  2014;  Zender  et  al., 
2008).  Recently,  the  Cas9  nuclease  (Barrangou  et  al.,  2007;  Bo¬ 
lotin  et  al.,  2005;  Chylinski  et  al.,  2013,  2014;  Deltcheva  et  al., 
2011;  Garneau  et  al.,  2010;  Gasiunas  et  al.,  2012;  Jinek  et  al., 
2012;  Sapranauskas  et  al.,  2011)  from  the  microbial  type  II 
CRISPR  (clustered  regularly  interspaced  short  palindromic  re¬ 
peats)  system  has  been  harnessed  to  facilitate  loss-of-function 
mutations  in  eukaryotic  cells  (Cong  et  al.,  2013;  Mali  et  al., 
201 3).  When  the  Cas9  nuclease  is  targeted  to  specific  locations 
in  the  genome,  DNA  cleavage  results  in  double-stranded 
breaks  (DSBs),  which  are  repaired  via  non-homologous  end¬ 
joining  (NHEJ)  (Rouet  et  al.,  1994).  NHEJ  repair  results  in  inser¬ 
tion  or  deletion  (indel)  mutations  that  can  cause  loss  of  function 
if  the  DSB  occurs  in  a  coding  exon.  The  Cas9  nuclease  can  be 
guided  to  its  DNA  target  by  a  single-guide  RNA  (sgRNA)  (Jinek 
et  al.,  2012),  a  synthetic  fusion  between  the  CRISPR  RNA 
(crRNA)  and  frans-activating  crRNA  (tracrRNA)  (Deltcheva 
et  al.,  2011).  In  cells,  Cas9-mediated  gene  disruption  requires 
the  full-length  tracrRNA  (Cong  et  al.,  2013;  Mali  et  al.,  2013), 
in  which  secondary  structures  at  the  3'  end  of  tracrRNA  are 
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critical  for  Cas9-mediated  genome  modification  (Cong  et  al., 
2013;  Hsu  et  al.,  2013). 

Screens  utilizing  Cas9  have  identified  genes  that  are  essential 
for  cell  survival  and  genes  involved  in  drug  resistance  in  various 
cell  lines  (Shalem  et  al.,  2014;  Wang  et  al.,  2014;  Koike-Yusa  et 
al.,  2014;  Zhou  et  al.,  2014).  In  vivo  pooled  screens  are  chal¬ 
lenging  due  to  many  factors,  such  as  the  complexity  of  the 
library,  limitations  of  virus  delivery  and/or  cell  transplantation, 
uniformity  of  viral  transduction  at  a  low  MOI,  and  the  complex 
dynamics  and  interactions  of  cells  in  animals.  In  this  study,  we 
report  a  genome-wide  Cas9  knockout  screen  in  a  mouse  model 
of  tumor  evolution.  This  screen  provides  a  systematic  pheno¬ 
typic  measurement  of  loss-of-function  mutations  in  primary  tu¬ 
mor  growth  and  metastasis. 

RESULTS 

CRISPR/Cas9  Library-Mediated  Mutagenesis 
Promotes  Metastasis 

We  derived  and  cloned  a  cell  line  (Chen  et  al.,  2014)  from  a 
mouse  non-small-cell  lung  cancer  (NSCLC)  (Kumar  et  al., 
2009).  This  cell  line  possesses  an  oncogenic  Kras  in  conjunction 
with  homozygous  p53  and  heterozygous  Dicerl  loss  of  function 
(KrasG12DI+;p53~,~  ;Dicer1+/  ,  denoted  KPD)  and  is  capable  of 
inducing  tumors  when  transplanted  into  immunocompromised 
mice  (Chen  et  al.,  2014;  Kumar  et  al.,  2009).  We  transduced 
this  cell  line  with  a  lentivirus  carrying  a  Cas9  transgene  fused 
to  a  GFP  and  generated  clonal  cell  lines  (Cas9-GFP  KPD)  (Exper¬ 
imental  Procedures)  (Figures  SI  A  and  SI  B).  A  clonal  Cas9-GFP 
KPD  cell  line  (clone  5)  was  selected  to  provide  genetic  and 
cellular  homogeneity  for  subsequent  screens. 

We  utilized  a  pooled  genome-wide  mouse  sgRNA  library 
(termed  mouse  genome-scale  CRISPR  knockout  library  A,  or 
mGeCKOa)  containing  67,405  sgRNAs  targeting  20,611  pro¬ 
tein-coding  genes  and  1 ,1 75  microRNA  precursors  in  the  mouse 
genome  (Sanjana  et  al.,  2014).  The  library  also  contains  1,000 
control  sgRNAs  (termed  non-targeting  sgRNAs)  designed  to 
have  minimal  homology  to  sequences  in  the  mouse  genome 
(Sanjana  et  al.,  2014;  Shalem  et  al.,  2014).  We  transduced  the 
Cas9-GFP  KPD  cell  line  with  the  mGeCKOa  library  in  three  inde¬ 
pendent  infection  replicate  experiments;  for  each  replicate,  the 
library  representation  (cells  per  lentiviral  CRISPR  construct) 
was  greater  than  400x  (Figure  1A)  (Experimental  Procedures). 

After  in  vitro  culture  for  1  week,  we  subcutaneously  trans¬ 
planted  3  x  107  cells  into  the  flanks  of  immunocompromised 
Nu/Nu  mice  (Figure  1A).  We  transplanted  the  cells  from  each 
infection  replicate  into  four  mice,  using  one  mouse  for  early 
tumor  sequencing  and  three  mice  for  sequencing  of  late-stage 
primary  tumor  and  metastases  (Figure  1A).  Both  mGeCKOa- 
transduced  and  untransduced  Cas9-GFP  KPD  cells  formed  tu¬ 
mors  at  the  injection  site  (Figure  1 B).  Like  most  subcutaneously 
transplanted  tumors,  these  tumors  were  poorly  differentiated. 
The  primary  tumors  induced  by  mGeCKOa-transduced  cells 
grew  slightly  faster  than  tumors  from  the  untransduced  cells  at 
an  early  stage  (Figure  1C)  (2  weeks  post-transplantation)  (paired 
two-tailed  t  test,  p  =  0.05),  but  at  late  stages  all  tumors  were 
similar  in  size  (paired  two-tailed  t  test,  p  =  0.18  for  data  at 
4  weeks,  p  =  0.6  for  data  at  6  weeks)  (Figure  1 C). 


At  6  weeks  post-transplantation,  we  imaged  the  mice  using 
micro-computed  tomography  (piCT)  and  found  tumors  in  the 
lungs  of  the  mice  transplanted  with  mGeCKOa-transduced 
Cas9-GFP  KPD  cells  (mGeCKOa  mice),  but  not  in  the  mice  trans¬ 
planted  with  untransduced  Cas9-GFP  KPD  cells  (control  mice) 
(Figure  ID,  Figure  SIC).  Mice  were  sacrificed  and  examined 
for  metastases  in  various  organs.  Under  a  fluorescent  stereo¬ 
scope  at  6x  magnification,  metastases  were  visually  detected 
in  the  lung  in  89%  (8/9)  of  the  mGeCKOa  mice  (Figure  SI  D). 
The  mGeCKOa  mice  on  average  had  80%  of  their  lung  lobes 
positive  for  metastases  (Figure  IE).  In  contrast,  none  (0/3)  of 
the  control  mice  developed  detectable  metastases  in  the  lung 
(Figure  1 E).  At  this  time,  metastases  were  not  detected  in  the 
liver,  kidney,  or  spleen  in  either  group  (Figure  IF).  These  data 
indicated  that  mGeCKOa  library  transduction  enhanced  the  abil¬ 
ity  of  the  Cas9-GFP  KPD  cells  to  form  metastases  in  the  lung. 

Dynamic  Evolution  of  sgRNA  Library  Representation 
during  Tumor  Growth  and  Metastasis 

To  investigate  the  sgRNA  representation  through  different  stages 
of  tumor  evolution  and  to  identify  genes  where  loss  of  function 
confers  a  proliferative  or  metastatic  phenotype,  we  used  deep 
sequencing  to  readout  the  sgRNA  representation  (see  Data  SI 
in  Dataset  SI).  At  6  weeks  post  transplantation,  we  sequenced 
the  late-stage  primary  tumor  and  three  random  lobes  from  the 
lung  of  each  of  the  nine  mGeCKOa  mice  (Figure  1  A)  (Experimental 
Procedures).  In  parallel,  we  also  sequenced  the  mGeCKOa  input 
plasmid  library,  the  pre-transplantation  mGeCKOa-transduced 
Cas9-GFP  KPD  cells  (cultured  in  vitro  for  7  days  after  trans¬ 
duction),  and  early-stage  primary  tumors  (2  weeks  post  trans¬ 
plantation,  one  mouse  from  each  infection  replicate).  In  the  cell 
samples,  the  sgRNA  representations  showed  high  concordance 
between  technical  replicates  (correlation,  p  =  0.95  on  average, 
n  =  3)  and  biological  infection  replicates  (correlation,  p  =  0.84 
on  average,  n  =  3)  (Figures  2A,  S2A,  S2B,  and  S2E).  The  sgRNA 
representation  of  cell  samples  correlates  highly  with  the  plasmid 
representation  (correlation,  p  =  0.93  on  average,  n  =  3)  (Figures 
2A,  S2C,  and  S2E).  Furthermore,  different  sgRNAs  that  target 
the  same  gene  are  correlated  in  terms  of  rank  change  (correlation, 
p  =  0.49  on  average,  n  =  3)  (Figure  S2D).  Using  gene  set  enrich¬ 
ment  analysis  (GSEA),  we  found  that  the  sgRNAs  with  signifi¬ 
cantly  decreased  abundance  in  cells  compared  to  plasmid  are 
enriched  for  genes  involved  in  fundamental  cellular  processes, 
such  as  ribosomal  proteins,  translation  factors,  RNA  splicing  fac¬ 
tors,  and  RNA  processing  factors,  indicating  selection  against  the 
loss  of  these  genes  after  1  week  in  culture  (Figure  S2F). 

To  investigate  the  sgRNA  library  dynamics  in  different  sample 
types  (plasmid,  pre-transplantation  cells,  early  primary  tumor, 
late  primary  tumor,  and  lung  metastases),  we  compared  the 
overall  distributions  of  sgRNAs  from  all  samples  sequenced. 
Cell  samples  clustered  tightly  with  each  other  and  the  plasmid, 
forming  a  cell-plasmid  clade  (Figures  2A  and  S2E).  Early  primary 
tumor  samples  also  clustered  with  each  other  and  then  with  the 
cell-plasmid  clade,  whereas  late  tumors  and  lung  metastases 
clustered  together  in  a  distinct  group  (Figures  2A  and  S2E). 
The  overlap  of  detected  sgRNAs  between  different  pre-trans- 
plantation  infection  replicates  is  over  95%  (Figure  S3A).  The  de¬ 
tected  sgRNAs  in  the  three  infection  replicates  of  early  tumor 
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Figure  1.  Tumor  Growth  and  Metastasis  in  Transplanted  Cas9-GFP  KPD  Cells  with  mGeCKOa  Library 

(A)  Schematic  representation  of  the  loss-of-function  metastasis  screen  using  the  mouse  genome-scale  CRISPR/Cas9  knockout  library  (mGeCKOa). 

(B)  Representative  H&E  stains  of  primary  tumor  from  Nu/Nu  mice  subcutaneously  transplanted  with  a  Cas9-GFP  KrasG12D/+;p53~/~ ;Dicer1+/~  (KPD)  NSCLC  cell 
line  that  was  either  untransduced  or  transduced  with  the  mGeCKOa  lentiviral  library.  Scale  bar,  200  pm. 

(C)  Primary  tumor  growth  curve  of  Nu/Nu  mice  transplanted  with  untransduced  cells  (n  =  3  mice)  or  mGeCKOa-transduced  Cas9-GFP  KPD  cells  (n  =  9  mice).  Error 
bars  indicate  SEM. 

(D)  MicroCT  3D  reconstruction  of  the  lungs  of  representative  mice  transplanted  with  control  (untransduced)  and  mGeCKOa-transduced  (mGeCKOa)  cell  pools. 
Lung  metastases  were  identified  and  traced  in  each  2D  section  (green). 

(E)  Percent  of  lobes  with  metastases  visible  after  dissection  under  a  fluorescence  stereoscope  in  Nu/Nu  mice  transplanted  with  untransduced  Cas9-GFP  KPD 
cells  (n  =  3  mice)  or  mGeCKOa-transduced  Cas9-GFP  KPD  cells  with  three  independent  infection  replicate  experiments  (1, 2,  and  3;  n  =  3  mice  per  replicate). 
Error  bars  indicate  SEM. 

(F)  Representative  H&E  stains  from  various  organs  of  Nu/Nu  mice  subcutaneously  transplanted  with  untransduced  and  mGeCKOa-transduced  Cas9-GFP  KPD 
cells.  Yellow  arrow  indicates  a  lung  metastasis.  Scale  bar,  40  pm. 

See  also  Figure  SI. 


samples  overlap  63%-76%  with  each  other  (Figure  S3B).  Early 
primary  tumors  retained  less  than  half  (32%-49%)  of  the  sgRNAs 
found  in  the  transplanted  cell  populations  (Figures  2B,  2C,  S3C, 
and  S3D).  Compared  to  the  cell  populations,  sgRNAs  whose 
targets  are  genes  involved  in  fundamental  cellular  processes 
are  further  depleted  in  early  tumors  (Table  SI). 

Interestingly,  only  a  small  fraction  of  sgRNAs  (less  than  4%  of 
all  sgRNAs,  or  less  than  8%  of  sgRNAs  in  the  early  primary  tumor 
of  the  corresponding  replicate)  were  detected  in  the  late-stage 
primary  tumor  samples  (Figures  2B,  2C,  S3C,  and  S3D).  The 
sgRNA  diversity  (i.e.,  number  of  different  sgRNAs  detected) 
further  decreased  in  samples  from  lung  metastases  (Figures 


2B,  2C,  S3C,  and  S3D).  The  lung  samples  retained  <0.4%  of 
all  sgRNAs  in  the  mGeCKOa  library,  or  <1 .1  %  of  sgRNAs  found 
in  the  early  primary  tumor  of  the  corresponding  replicate,  with  a 
subset  of  highly  enriched  sgRNAs  (Figures  2B,  2C,  S3C,  and 
S3D).  The  global  patterns  of  sgRNA  distributions  in  different  sam¬ 
ple  types  are  distinct,  as  is  evident  in  the  strong  shifts  in  the 
respective  cumulative  distribution  functions  (Kolmogorov-Smir- 
nov  [KS]  test,  p  <  1 0~15  for  all  pairwise  comparisons)  (Figure  2D). 

Enriched  sgRNAs  in  Primary  Tumors 

Late  primary  tumors  retain  few  sgRNAs  (on  average  813  ±  264 
sgRNAs,  n  =  9  mice),  with  even  fewer  at  high  frequencies 
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Figure  2.  Representation  of  mGeCKOa  Library  at  Different  Stages  of  Tumor  Growth  and  Metastasis 

(A)  Pearson  correlation  coefficient  of  the  normalized  sgRNA  read  counts  from  the  mGeCKOa  plasmid  library,  transduced  cells  before  transplantation  (day  7  after 
spinfection),  early  primary  tumors  (~2  weeks  after  transplantation),  late  primary  tumors  (~6  weeks  after  transplantation),  and  lung  metastases  (~6  weeks  after 
transplantation).  For  each  biological  sample  type,  three  independent  infection  replicates  (RI ,  R2,  and  R3)  are  shown,  n  =  1  mouse  per  infection  replicate  for  early 
primary  tumors;  n  =  3  mice  per  infection  replicate  for  late  primary  tumors  and  lung  samples. 

(B)  Number  of  unique  sgRNAs  in  the  plasmid,  cells  before  transplantation,  early  and  late  primary  tumors,  and  lung  metastases  as  in  (A).  Error  bars  for  late  primary 
tumors  and  lung  metastases  denote  SEM  for  n  =  3  mice  per  infection  replicate. 

(C)  Boxplot  of  the  sgRNA  normalized  read  counts  for  the  mGeCKOa  plasmid  pool,  cells  before  transplantation,  early  and  late  primary  tumors,  and  lung  me¬ 
tastases  as  in  (A).  Outliers  are  shown  as  colored  dots  for  each  respective  sample.  Gray  dots  overlaid  on  each  boxplot  indicate  read  counts  for  the  1 ,000  control 
(non-targeting)  sgRNAs  in  the  mGeCKOa  library.  Distributions  for  late  primary  tumors  and  lung  metastases  are  averaged  across  individual  mice  from  the  same 
infection  replication. 

(D)  Cumulative  probability  distribution  of  library  sgRNAs  in  the  plasmid,  cells  before  transplantation,  early  and  late  primary  tumors,  and  lung  metastases  as  in  (A). 
Distributions  for  each  sample  type  are  averaged  across  individual  mice  and  infection  replications. 

See  also  Figures  S2  and  S3. 


(4  ±  1  sgRNAs  with  >5%  of  total  reads)  in  each  mouse  (Figures 
2B,  2C,  S2C,  S2D,  3A,  and  S4FI).  We  used  three  methods  to 
identify  enriched  sgRNAs  in  late  primary  tumors:  (1)  sgRNAs 
above  a  certain  threshold,  (2)  top-ranked  sgRNAs  in  the  tumor 
of  each  mouse,  and  (3)  using  false  discovery  rate  (FDR),  i.e., 
sgRNAs  enriched  compared  to  the  distribution  of  the  1,000 
non-targeting  sgRNAs.  All  three  methods  generated  similar  re¬ 
sults  (Figure  S4A).  Taking  the  results  from  (3)  as  an  example,  a 
total  of  935  sgRNAs  (targeting  909  genes)  are  enriched  over 
the  non-targeting  controls  (FDR  cutoff  =  0.2%)  in  the  late  primary 


tumor  of  one  or  more  mice  (Figures  3B  and  3C).  These  sgRNAs 
are  targeting  genes  highly  enriched  in  apoptosis  pathways  (Table 
S2),  with  many  of  them  being  pro-apoptotic,  such  as  BFI3  inter- 
acting-domain  death  agonist  (Bid),  phosphatase  and  tensin  ho¬ 
molog  (Pten),  cyclin-dependent  kinase  inhibitor  2a  ( Cdkn2a ), 
and  O-6-methylguanine-DNA  methyltransferase  (Mgmt),  sug¬ 
gesting  strong  selection  for  mutations  that  inactivate  apoptosis 
in  primary  tumor  cells. 

We  identified  24  candidate  genes  that  were  targeted  by  two  or 
more  independent  sgRNAs  enriched  in  late  primary  tumors 
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Figure  3.  Enriched  sgRNAs  from  the  mGeCKOa  Screen  in  Primary  Tumors 

(A)  Pie  charts  of  the  most  abundant  sgRNAs  in  the  primary  tumors  (at  ~6  weeks  post-transplantation)  of  three  representative  mice  (one  from  each  replicate 
mGeCKOa  infection).  The  area  for  each  sgRNA  corresponds  to  the  fraction  of  total  reads  from  the  primary  tumor  for  the  sgRNA.  All  sgRNAs  with  >2%  of  total 
reads  are  plotted  individually. 

(B)  Number  of  genes  with  0, 1 , 2,  or  3  significantly  enriched  (FDR  <  0.2%  for  at  least  one  mouse)  mGeCKOa  sgRNAs  targeting  that  gene.  For  genes/miRs  with  2  or 
more  enriched  sgRNAs,  genes/miRs  are  categorized  by  how  many  sgRNAs  targeting  that  gene/miR  are  enriched  as  indicated  in  the  colored  bubbles  adjacent  to 
each  bar. 

(C)  Inset:  waterfall  plot  of  sgRNAs  where  multiple  sgRNAs  targeting  the  same  gene  are  significantly  enriched  in  primary  tumors.  Each  sgRNA  is  ranked  by  the 
percent  of  mice  in  which  it  is  enriched.  Only  sgRNAs  enriched  in  two  or  more  mice  are  shown  in  the  main  panel.  Main  panel:  enlargement  and  gene  labels  for 
sgRNAs  at  the  top  of  the  list  from  the  inset  (boxed  region). 

See  also  Figures  S3,  S4,  and  S5. 


(Figures  3B  and  3C).  These  genes  were  found  to  be  mutated  in 
patients  in  many  previously  reported  cancer  sequencing  studies 
curated  by  cBioPortal  (Cerami  et  al.,  2012;  Gao  et  al.,  2013)  (Fig¬ 
ure  S5A).  For  example,  in  somatic  mutations  identified  by  The 
Cancer  Genome  Atlas  (TCGA)  for  NSCLC,  including  adenocarci¬ 
noma  (LUAD)  (Cancer  Genome  Atlas  Research  Network,  2014) 
and  lung  squamous  cell  carcinoma  (LUSC)  (Cancer  Genome 
Atlas  Research  Network,  2012),  36%  (107/407)  of  patients 
have  one  or  more  of  these  24  genes  mutated  (Figures  S5B  and 
S5C).  Several  candidates  were  well-known  tumor  suppressors, 


such  as  Pten,  cyclin-dependent  kinase  inhibitor  2b  ( Cdkn2b ), 
neurofibromin  2  (Nf2/Merlin),  alpha-type  platelet-derived  growth 
factor  receptor  (Pdgfra),  and  integrin  alpha  X  ( Itgax ). 

Enriched  sgRNAs  in  Metastases 

We  also  sequenced  the  sgRNA  distributions  from  three  lung  lobes 
for  each  mouse  transplanted  with  mGeCKOa-transduced 
Cas9-GFP  KPD  cells.  In  each  lobe,  the  sgRNA  representation  is 
dominated  by  one  or  a  few  sgRNAs  (Figures  4A,  S3D,  and  S4I). 
In  each  mouse,  the  lung  sgRNA  representation  (average  of 
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normalized  sgRNA  representations  from  three  lobes)  is  also  domi¬ 
nated  by  a  small  number  of  sgRNAs  (on  average,  3.4  ±  0.4 
sgRNAs  with  >5%  of  total  reads)  (Figure  4B),  suggesting  that  me- 
tastases  were  seeded  by  a  small  set  of  cells,  which  grew  to  domi¬ 
nance  over  this  timescale.  Non-targeting  sgRNAs  were  occasion¬ 
ally  detected  in  the  metastases  but  were  never  observed  at  high 
frequency  (<0.1  %  of  total  reads  in  any  lobe;  Figures  2C,  4A  and 
4B,  and  S4I).  These  observations  are  consistent  with  our  finding 
that  untransduced  tumors  are  not  metastatic  (Figure  1 E),  suggest¬ 
ing  that  specific  sgRNA-mediated  mutations  led  to  metastasis. 

The  sgRNA  representations  in  the  lung  metastases  are  similar 
to  those  in  the  late-stage  primary  tumors  in  several  ways.  First, 
the  detected  sgRNAs  in  lung  samples  overlap  significantly  with 
those  in  late  tumor  samples  (chi-square  test,  p  <  1 0  1 5)  (Fig¬ 
ure  S3E).  Second,  the  number  of  sgRNAs  detected  in  lung  sam¬ 
ples  correlates,  albeit  weakly,  with  the  number  of  sgRNAs 
detected  in  late  primary  tumor  samples  (p  =  0.42,  F  test,  p  = 
0.097)  (Figure  S3F).  Third,  the  abundance  (number  of  reads)  of 
sgRNAs  in  the  lung  correlates  positively  with  that  in  the  late 
primary  tumors  of  the  same  mouse  (correlation,  p  =  0.18  on 
average,  F  test,  p  <  0.01 ,  n  =  9)  (Figure  S3G).  Fourth,  in  most 
mice  (8/9),  the  lung  metastasis  enriched  sgRNAs  also  occupy  a 
large  fraction  of  reads  in  the  late  primary  tumor  of  the  same 
mouse  (Figure  4C,  left  panel),  significantly  larger  than  a  random 
sampling  of  the  same  number  of  sgRNAs  from  the  mGeCKOa  li¬ 
brary  (Figure  4C,  right  panel).  These  data  indicate  that  mutants 
with  preferential  ability  to  proliferate  in  late  primary  tumors  are 
more  likely  to  dominate  the  metastases. 

The  three  methods  (threshold,  rank,  or  FDR)  of  finding  en¬ 
riched  sgRNAs  in  the  lung  metastases  yield  similar  results  (Fig¬ 
ure  S4B).  Using  the  non-targeting  sgRNA  distribution  to  set  a 
FDR-based  cutoff  for  enrichment,  the  enriched  sgRNAs  in 
different  lobes  of  the  same  mouse  overlap  with  each  other  by 
62%  ±  5%  (chi-square  test,  p  <  1CT15)  (Figure  S4C),  while 
different  mice  show  greater  variability  while  still  overlapping 
significantly  (29%  ±3%,  chi-square  test,  p  <  10_1S)  (Figure  S4D). 
The  overlap  between  sgRNAs  in  different  biological/infection 
replicate  experiments  when  pooling  enriched  sgRNAs  from  all 
mice  in  the  same  replicate  is  54%  (chi-square  test,  p  <  1CT15) 
(Figure  S4E),  suggesting  that  pooling  sgRNAs  from  mice  in  the 
same  experiment  facilitates  the  identification  of  shared  hits. 
These  data  suggest  that  the  three  independent  experiments 
reproducibly  captured  a  common  set  of  hits  and  provide  a  pic¬ 
ture  for  in  vivo  experimental  variation  between  different  lobes, 
different  animals,  and  different  infection  replicates. 

We  found  147  sgRNAs  enriched  in  more  than  one  lobe,  and 
105  sgRNAs  enriched  in  the  lung  of  more  than  one  mouse  (Fig¬ 
ures  4D  and  4E).  These  include  sgRNAs  targeting  Nf2,  Pten, 
tripartite  motif-containing  protein  72  (Trim72),  fibrinogen  alpha 
chain  (Fga),  Bid,  cyclin-dependent  kinase  inhibitor  2a  ( Cdkn2a ), 
zinc  finger  FYVE  domain-containing  28  ( Zfyve28 ),  reproductive 
homeobox  13  ( Rhox13 ),  and  BRISC  and  BRCA1  A  complex 
member  1  ( Babaml ),  as  well  as  microRNA  genes  miR-152  and 
miR-345.  Intriguingly,  a  few  sgRNAs  targeting  the  Pol  II  subunits 
and  olfactory  receptor  are  also  enriched  in  the  lung,  possibly  due 
to  off-target  effects  or  unknown  roles  of  these  genes.  For  most 
sgRNAs  detected  in  lung  metastases,  the  relative  abundance 
in  metastases  is  lower  than  that  in  the  late  primary  tumor  of  the 


same  mouse,  with  a  metastasis-primary  ratio  (MPR)  less  than  1 
(Figure  S4F),  likely  due  to  more  skewed  distributions  of  sgRNAs 
in  the  metastases  compared  to  those  in  the  late  primary  tumors. 
A  small  subset  of  sgRNAs,  however,  are  more  abundant  in  me¬ 
tastases  than  in  primary  tumors  (MPR  >  1)  in  multiple  mice, 
e.g.,  sgRNAs  targeting  Nf2,  Trim72,  prostaglandin  E  synthase  2 
(Ptges2),  or  ubiquitin-conjugating  enzyme  E2G  2  ( Ube2g2 ) 
(Figure  4F). 

For  four  genes,  Nf2,  Pten,  Trim72,  and  Zfyve28,  two  indepen¬ 
dent  sgRNAs  targeting  different  regions  of  the  same  gene  were 
enriched  in  lung  metastases  (Figure  4G).  One  of  the  Zfyve28-tar- 
geting  sgRNAs,  however,  is  enriched  in  only  one  mouse, 
whereas  Nf2,  Pten,  and  Trim72  all  have  two  sgRNAs  enriched 
in  multiple  mice  (Figure  4H).  These  three  genes,  several  repre¬ 
sentative  genes  with  one  frequently  enriched  sgRNA  ( Cdkn2a , 
Fga,  and  Cryba4),  and  the  two  top-scoring  microRNAs  ( miR- 
152  and  miR-345)  were  chosen  to  assay  individually  for  primary 
tumor  growth  and  metastases  formation. 

Validation  In  Vivo  Using  Individual  sgRNAs 

For  these  eight  genes  (Nf2,  Pten,  Trim72,  Cdkn2a,  Fga,  Cryba4, 
miR-152,  and  miR-345),  we  cloned  multiple  sgRNAs  targeting 
each  of  them  into  the  lentiGuide-Puro  vector  and  transduced 
them  into  the  Cas9-GFP  KPD  cell  line  (Figure  5A)  (Experimental 
Procedures).  As  expected,  these  sgRNAs  generated  a  broad 
distribution  of  NHEJ-mediated  indels  at  the  target  site  when 
examined  3  days  post-transduction,  with  a  bias  toward  deletions 
(Figure  5B).  For  protein-coding  genes,  the  majority  (>80%)  of  in¬ 
dels  are  out  of  frame,  which  potentially  disrupts  the  protein  func¬ 
tions.  For  miR-152  and  miR-345,  the  sgRNAs  generated  mostly 
deletions  (>90%  of  indels  are  deletions,  average  indel  size  -7  bp) 
(Figure  5B),  overlapping  with  the  loop  or  mature  microRNA  se¬ 
quences  in  the  hairpins,  which  are  structures  required  for  matu¬ 
ration  of  microRNAs.  For  proteins  where  specific  antibodies  are 
available  (Nf2  and  Pten),  we  found  that  the  majority  of  the  protein 
products  were  significantly  reduced  1  week  after  lentiviral 
sgRNA  infection  (Figure  S6A). 

When  these  single-sgRNA-transduced  cells  were  trans¬ 
planted  into  the  flanks  of  immunocompromised  mice,  they  all 
formed  tumors  in  situ.  With  two  mice  injected  per  sgRNA  and 
three  sgRNAs  per  gene,  all  genes  tested  showed  increased 
lung  metastasis  formation  compared  to  controls  (untransduced 
and  non-targeting  sgRNAs),  with  the  most  significant  ones  being 
Nf2,  Pten,  and  Cdkn2a  (Fisher’s  exact  test,  one-tailed,  p  <  1CT3) 
(Figures  5C  and  5D).  Fga  and  Trim72  also  have  effects  on  metas¬ 
tasis  acceleration  ( Fga  p  =  0.001,  Trim72  p  =  0.046).  Cryba4  is 
not  statistically  different  from  controls  (p  =  0.1).  sgRNAs  target¬ 
ing  miR-345  or  miR-152  significantly  increased  the  rate  of  metas¬ 
tasis  (miR-345  p  =  0.01 ,  miR-152  p  =  0.046).  These  data  suggest 
that  loss-of-function  mutations  in  any  of  Nf2,  Pten,  Cdkn2a, 
Trim72,  Fga,  miR345,  or  miR-152  are  sufficient  to  accelerate 
the  rate  of  metastasis  formation  in  this  genetic  background. 

Most  genes  targeted  by  single  sgRNAs  also  contributed  to 
accelerated  primary  tumor  growth  compared  to  controls  (Fig¬ 
ure  5E).  Nf2  and  Pten  loss  of  function  dramatically  speed  up  tu¬ 
mor  growth  (KS  test,  p  <  0.001)  (Figure  5E);  Cdkn2a-,  Trim72-, 
and  Fga-targeting  sgRNAs  slightly  accelerate  primary  tumor 
growth  (KS  test,  p  =  0.003-0.01);  Cryba4  has  a  marginal  effect 
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Figure  4.  Enriched  sgRNAs  from  the  mGeCKOa  Screen  in  Lung  Metastases 

(A)  Pie  charts  of  the  most  abundant  sgRNAs  in  three  individual  lobes  of  the  lungs  of  two  representative  mice  transplanted  with  mGeCKOa-transduced  cells.  The 
area  for  each  sgRNA  corresponds  to  the  fraction  of  total  reads  from  the  lobe  for  the  sgRNA.  All  sgRNAs  with  >2%  of  total  reads  are  plotted  individually. 

(B)  Pie  charts  of  the  most  abundant  sgRNAs  in  the  lung  (averaged  across  three  individual  lobes)  for  the  two  mice  shown  in  (A).  All  sgRNAs  with  >2%  of  average 
reads  are  plotted  individually. 

(C)  Left:  percentage  of  late  tumor  reads  for  the  significantly  enriched  (FDR  <  0.2%)  mGeCKOa  sgRNAs  found  in  the  lung  metastases  (averaged  across  three 
dissected  lobes).  Right:  in  purple,  the  percentage  of  late  tumor  reads  for  the  significantly  enriched  (FDR  <  0.2%)  mGeCKOa  sgRNAs  found  in  the  lung  metastases 
(average  across  all  mice,  n  =  9  mice).  In  gray,  the  percentage  of  late  tumor  reads  for  random,  size-matched  samplings  of  sgRNAs  present  in  the  late  tumor  (n  =  1 00 
samplings).  Error  bars  indicate  SD. 


(legend  continued  on  next  page) 
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(KS  test,  p  =  0.08);  and  neither  miR- 152-  nor /7i/Ff-345-targeting 
sgRNAs  promote  primary  tumor  growth  (KS  test,  p  >  0.1).  Over¬ 
all,  for  the  targets  we  examined  using  individual  sgRNAs,  the 
number  of  lobes  with  lung  metastases  strongly  correlates  with 
the  terminal  volume  of  the  late  primary  tumor  (or  average  primary 
tumor  growth  rate)  (correlation,  p  =  0.83,  F  test,  p  <  0.01)  (Fig¬ 
ure  5F),  indicating  at  a  single-gene  level  that  mutant  cells  with 
a  stronger  ability  to  promote  primary  tumor  growth  generate  me¬ 
tastases  faster. 

To  analyze  blood  samples  for  the  presence  of  circulating  tu¬ 
mor  cells  (CTCs),  we  designed  a  microfluidic  device  based  on 
the  physical  size  of  the  Cas9-GFP  KPD  cells  (Figures  S6B  and 
S6C).  We  performed  CTC  capture  with  terminal  blood  samples 
from  mice  injected  with  Cas9-GFP  KPD  cells  transduced  with 
sgRNAs  targeting  Nf2,  Pten,  Trim72 ,  Cdkn2a,  and  miR-152 
and  from  mice  injected  with  Cas9-GFP  KPD  control  cells  (un¬ 
transduced  or  non-targeting  sgRNA)  (Figures  S6C  and  S6D). 
Mice  transplanted  with  cells  transduced  with  sgRNAs  targeting 
Nf2,  Pten,  Trim72,  or  Cdkn2a  had  a  higher  concentration  of 
CTCs  as  compared  to  controls  (Figures  S6D-S6G),  consistent 
with  the  higher  rate  of  lung  metastasis  formation. 

Competitive  Dynamics  of  Top  Hits  Assessed  Using 
an  sgRNA  Minipool 

To  better  understand  the  relative  metastatic  potential  of  multiple 
genes  from  our  genome-wide  screen,  we  designed  a  targeted 
pooled  screen  with  a  smaller  library.  This  small  library  (termed 
validation  minipool)  contains  524  sgRNAs  targeting  53  genes 
that  had  highly  enriched  sgRNAs  in  lung  metastases  in  the 
genome-wide  screen  (ten  sgRNAs  per  gene  for  most  genes) 
plus  1 00  non-targeting  sgRNAs.  We  also  created  a  size-matched 
library  containing  624  non-targeting  sgRNAs  (termed  control 
minipool)  (Figure  6A).  Lentiviruses  from  these  two  pools  were 
used  to  transduce  the  Cas9-GFP  KPD  cells,  which  were  cultured 
in  vitro  for  1  week  and  then  transplanted  into  Nu/Nu  mice  (Fig¬ 
ure  6A).  Both  validation  minipool-  and  control  minipool-trans- 
duced  cells  induced  primary  tumor  growth  at  a  similar  rate 
(Figure  6B).  However,  mice  transplanted  with  validation  minipool 
cells  had  a  dramatically  elevated  rate  of  lung  metastasis  forma¬ 
tion  (Figure  6C). 

We  sequenced  the  validation  minipool  plasmid  library  and  the 
transduced  cells  pre-transplantation,  as  well  as  the  late-stage 
primary  tumors  and  whole  lungs  of  the  mice  at  5  weeks  post¬ 
transplantation  (see  Data  S2  in  Dataset  SI).  The  sgRNA  repre¬ 
sentations  correlate  strongly  between  technical  replicates  of 


the  transduced  cell  pool,  late  primary  tumors,  and  lung  metasta¬ 
ses  (Figures  S7A  and  S7D).  The  sgRNA  representation  in  the  cell 
sample  strongly  correlated  with  the  plasmid  (correlation,  p  =  0.91) 
(Figures  S7B  and  S7D).  Almost  all  (99.4%)  sgRNAs  were  recov¬ 
ered  in  the  plasmid  and  the  cell  population  (Figure  S7C).  The 
late  primary  tumors  retained  less  than  half  of  the  sgRNAs,  and 
the  metastases  in  the  whole  lung  retained  only  a  small  fraction 
(2%-7%)  of  all  sgRNAs  (Figure  S7C).  Enriched  sgRNAs  from 
lung  metastases  clustered  with  each  other  and  with  late  primary 
tumors  (Figure  S7D).  Similar  to  the  genome-wide  library,  in  this 
validation  minipool,  the  plasmid  and  cell  samples  had  a  unimodal 
distribution  of  sgRNAs,  whereas  the  late  primary  tumors  and  lung 
metastases  contained  a  bimodal  distribution,  with  the  majority  of 
sgRNAs  being  absent  and  a  small  fraction  spanning  a  large  range 
of  non-zero  read  counts  (Figure  6D).  Intriguingly,  two  mice  re¬ 
tained  relatively  high  sgRNA  diversity  in  late  primary  tumors  (Fig¬ 
ure  6D),  likely  due  to  dormant  or  slowly  proliferating  cells  that 
remained  in  low  numbers  during  tumor  growth.  Similar  to  the 
genome-wide  library,  large  shifts  in  the  sgRNA  distribution  exist 
between  different  sample  types  (KS  test,  p  <  1CT15  for  pairwise 
comparisons  between  the  cell,  primary  tumor,  and  lung  metasta¬ 
ses,  p  =  0.02  between  plasmid  and  cell)  (Figure  6E). 

In  the  validation  minipool,  the  sgRNAs  detected  in  the  late 
primary  tumors  or  the  lungs  of  five  different  mice  significantly 
overlap  with  each  other  (Figures  S7E  and  S7F).  The  late  primary 
tumors  and  lung  metastases  are  dominated  by  a  few  sgRNAs 
(Figures  7A  and  S7G-S7I),  suggesting  that  these  sgRNAs 
outcompete  others  during  tumor  growth  and  metastasis.  With 
the  validation  library,  the  sgRNA  representations  are  highly 
correlated  between  late  primary  tumors  and  lung  metastases 
(correlation,  p  =  0.55  on  average,  F  test,  p  <  0.01 ,  n  =  5)  (Fig¬ 
ure  7B).  The  late  primary  tumors  and  lung  metastases  have 
dozens  of  sgRNAs  at  moderate  to  high  frequencies  (Figures  7B 
and  7C).  Several  genes  have  multiple  independent  sgRNAs 
that  are  enriched  in  the  lung  over  the  primary  tumor  (MPR  >  1), 
such  as  Nf2  (eight  sgRNAs),  Pten  (four  sgRNAs),  Trim72  (three 
sgRNAs),  Ube2g2  (three  sgRNAs),  Ptges2  (two  sgRNAs),  and 
ATP-dependent  DNA  ligase  IV  ( Lig4 )  (two  sgRNAs)  (Figures  7C 
and  7D).  Two  Cdkn2a  sgRNAs  were  present  in  both  late  primary 
tumors  and  lung  metastases  in  two  mice,  but  with  MPR  <  1 .  Fga-, 
Cryba4-,  miR-152-,  and  m/R-345-targeting  sgRNAs  were  not 
found  at  high  frequency  in  either  late  primary  tumors  or  lung 
metastases,  suggesting  that  they  are  outcompeted  by  other 
loss-of-function  mutations  (such  as  Nf2),  which  agrees  with  the 
relatively  reduced  metastasis  formation  of  these  genes  in  the 


(D)  Inset:  all  sgRNAs  found  in  individual  lung  lobes,  ordered  by  the  percent  of  lobes  in  which  a  particular  sgRNA  was  among  the  significantly  enriched  (FDR  <  0.2%) 
sgRNAs  for  that  lobe.  Only  sgRNAs  enriched  in  two  or  more  lobes  are  shown.  Main  panel:  enlargement  and  gene  labels  for  sgRNAs  at  the  top  of  the  list  from  the 
inset  (boxed  region). 

(E)  Inset:  all  sgRNAs  found  in  individual  mice  (averaged  across  three  dissected  lobes),  ordered  by  the  percent  of  mice  in  which  a  particular  sgRNA  was  among  the 
significantly  enriched  (FDR  <  0.2%)  sgRNAs  for  that  mouse.  Only  sgRNAs  enriched  in  two  or  more  mice  are  shown.  Main  panel:  enlargement  and  gene  labels  for 
sgRNAs  at  the  top  of  the  list  from  the  inset  (boxed  region). 

(F)  Bottom:  metastasis  primary  ratio  (MPR)  for  the  sgRNAs  in  mGeCKOa  with  enrichment  in  metastases  over  late  tumors  (MPR  >  1)  observed  in  at  least  three  mice. 
The  sgRNAs  are  sorted  by  the  number  of  mice  in  which  the  MPR  for  the  sgRNA  is  greater  than  1 .  Top:  number  of  mice  in  which  the  MPR  for  this  sgRNA  is  greater 
than  1 .  In  both  panels,  individual  sgRNAs  are  labeled  by  gene  target. 

(G)  Number  of  genes  with  0,  1 , 2,  or  3  significantly  enriched  (FDR  <  0.2%  for  at  least  one  mouse)  mGeCKOa  sgRNAs  in  the  lung  metastases.  For  genes  with  2 
enriched  sgRNAs,  gene  names  are  indicated  in  the  colored  bubble  adjacent  to  the  bar. 

(H)  Number  of  mice  and  percentage  of  mice  in  which  each  sgRNA  was  enriched  in  the  lung  metastases  for  all  genes  with  multiple  enriched  sgRNAs. 

See  also  Figures  S4  and  S5. 
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Figure  5.  Validation  of  Target  Genes  and  MicroRNAs  from  mGeCKOa  Screen  Using  Individual  sgRNAs 

(A)  Schematic  representation  of  lentiviral  transduction  of  Cas9-GFP  KPD  cells  with  single  sgRNAs  designed  to  target  one  gene  or  miR.  After  puromycin  selection, 
the  cell  population  was  transplanted  into  Nu/Nu  mice  and  also  deep  sequenced  to  examine  the  distribution  of  indels  at  the  target  site.  After  5  weeks,  the  primary 
tumor  and  lungs  were  examined. 

(B)  Histograms  of  indel  sizes  at  the  genomic  locus  targeted  by  a  representative  sgRNA  for  each  gene/miR  after  3  days  of  puromycin  selection.  Indels  from  sgRNAs 
targeting  the  same  gene  were  pooled  (6  sgRNAs  for  each  protein-coding  gene;  4  sgRNAs  for  each  miR). 

(C)  Representative  H&E  staining  of  lung  lobes  from  uninjected  mice  (n  =  3  mice),  mice  transplanted  with  cells  transduced  with  Cas9  only  (n  =  5),  and  mice 
transplanted  with  cells  containing  Cas9  and  a  single  sgRNA  (n  =  6).  Single  sgRNAs  are  either  control/non-targeting  sgRNAs  (n  =  6  mice  for  control  sgRNAs,  3 
distinct  control  sgRNAs  with  2  mice  each)  or  targeting  sgRNAs  (n  =  6  mice  for  each  gene/miR  target,  3  sgRNAs  per  target  with  2  mice  each).  Blue  arrows  indicate 
lung  metastases.  Scale  bar,  10  urn. 

(D)  Percent  of  lung  lobes  with  metastases  after  6  weeks  for  the  mice  in  (C).  Error  bars  indicate  SEM. 

(E)  Primary  tumor  growth  curve  of  Nu/Nu  mice  transplanted  with  NSCLC  cells  transduced  with  Cas9  only  (n  =  5)  or  single  sgRNAs  (n  =  6  mice  per  gene/miR  target, 
3  sgRNAs  per  target  with  2  mice  each;  n  =  6  mice  for  control  sgRNAs,  3  control  sgRNAs  with  2  mice  each).  Error  bars  indicate  SEM. 

(F)  Correlation  between  primary  tumor  volume  and  percent  of  lobes  with  metastases  for  each  gene  in  (D)  and  (E).  Error  bars  indicate  SEM. 

See  also  Figure  S6. 
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Figure  6.  Tumor  Evolution  and  Library  Representation  in  Transplanted  Cas9-GFP  KPD  Cells  with  Minipool  Libraries 

(A)  Schematic  representation  of  the  loss-of-function  metastasis  minipool  screen.  Briefly,  Cas9-GFP  KPD  cells  were  transduced  with  either  validation  minipool 
(524  gene-targeting  +  100  non-targeting  sgRNAs)  or  control  minipool  (624  non-targeting  sgRNAs).  After  puromycin  selection,  the  cell  pools  were  transplanted  into 
Nu/Nu  mice.  After  5  weeks,  validation  minipool  sgRNAs  were  sequenced  from  primary  tumor  and  lung  samples. 

(B)  Primary  tumor  growth  curve  of  Nu/Nu  mice  transplanted  with  Cas9  vector  +  validation  minipool  cells  (n  =  5  mice)  or  Cas9  +  control  minipool  cells  (n  =  5  mice). 
Error  bars  indicate  SEM. 

(C)  Percent  of  lung  lobes  with  metastases  after  6  weeks  for  the  mice  in  (B).  C,  control  minipool;  V,  validation  minipool.  Error  bars  indicate  SEM. 

(D)  Boxplot  of  the  sgRNA  normalized  read  counts  for  the  plasmid  library,  cells  before  transplantation,  primary  tumors,  and  lung  metastases  using  the  validation 
minipool. 

(E)  Cumulative  probability  distribution  of  library  sgRNAs  in  the  validation  plasmid  pool,  cells  before  transplantation,  primary  tumors,  and  lung  metastases. 
Distributions  of  primary  tumor  and  lung  metastases  are  averaged  across  five  mice. 

See  also  Figure  S7. 


individual  sgRNA  validation.  These  results  further  validate 
several  of  the  top  hits  from  the  primary  screen,  using  either 
sgRNA  dominance  (e.g.,  Nf2,  Pten,  Trim72)  or  MPR  (e.g.,  Nf2, 
Trim72,  Ube2g2,  Ptges2).  This  validation  minipool  reveals  the 
dynamics  of  multiple  competing  mutants  chosen  from  the  pri¬ 
mary  screen  hits  and  indicates  that  mutants  with  strong  pro¬ 
growth  effects  tend  to  enhance  metastasis  (Figure  7E). 

TCGA  Gene  Expression  of  Screen  Hits  in  Human 
Lung  Cancer 

To  assess  the  relevance  of  our  mGeCKOa  and  validation  mini¬ 
pool  screen  hits  (genes  targeted  by  sgRNAs  enriched  in  lung 
metastases)  to  pathological  metastasis  in  human  cancer,  we 
performed  gene  expression  analysis  of  the  human  orthologs 
of  these  genes.  We  compared  mRNA  levels  in  metastatic 
compared  to  non-metastatic  primary  tumors  in  patient  samples 
using  TCGA  mRNA  sequencing  data.  We  found  that  most  (61  %- 
75%)  of  these  genes  are  downregulated  in  metastatic  tumors  in 


NSCLC  patients  (Figures  S5D  and  S5E;  Table  S6).  These  data 
suggest  that  downregulation  of  these  genes  is  selected  for  in 
metastatic  tumors  from  patients. 

DISCUSSION 

Pooled  Mutagenesis  in  a  Metastasis  Model 

Distal  metastases  develop  as  primary  tumors  shed  CTCs  into  the 
circulation,  from  which  CTCs  travel  to  the  destination  site,  move 
out  of  the  blood  or  lymphatic  vessels,  and  initiate  clonal  growth 
(Valastyan  and  Weinberg,  2011;  Vanharanta  and  Massague, 
2013;  Weinberg,  2007).  In  this  study,  cancer  cells  transplanted 
into  the  flanks  of  mice  form  primary  tumors  in  situ,  and  cells 
from  this  mass  undergo  the  intravasation-circulation-extravasa- 
tion-clonal  growth  cascade  to  form  distal  metastases  (Francia 
et  al.,  2011).  The  initial  lung  cancer  cell  line  has  little  capacity  to 
form  metastases;  in  contrast,  after  being  mutagenized  with  the 
mGeCKOa  genome-scale  Cas9  knockout  library,  the  cell 
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Figure  7.  Enriched  sgRNAs  from  the  Validation  Minipool  Screen  in  Primary  Tumors  and  Lung  Metastases 

(A)  Pie  charts  of  the  most  abundant  sgRNAs  in  the  primary  tumor  and  the  whole  lung  of  two  representative  mice  transplanted  with  validation  minipool-transduced 
Cas9-GFP  KPD  cells.  The  area  for  each  sgRNA  corresponds  to  the  fraction  of  total  reads  from  the  tissue  (primary  tumor  or  lung  metastases)  for  the  sgRNA. 
All  sgRNAs  with  >2%  of  total  reads  are  plotted  individually. 


(legend  continued  on  next  page) 
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population  forms  highly  metastatic  tumors.  Thus,  these  mutations, 
acting  in  simple  or  complex  pleiotropic  ways,  accelerate  metas¬ 
tasis.  In  this  model,  the  effect  of  mutations  on  metastasis  strongly 
correlates  with  their  abundance  in  late-stage  primary  tumors. 

sgRNA  Dynamics  during  Tumor  Evolution 

The  dynamics  of  the  sgRNA  population  changed  dramatically 
over  the  course  of  tumor  development  and  metastasis,  reflecting 
the  selection  and  bottlenecks  of  cellular  evolution  in  vitro  and 
in  vivo.  After  a  week  in  culture,  cells  retained  most  of  the  sgRNAs 
present  in  the  plasmid  library,  with  decreases  in  sgRNAs  target¬ 
ing  genes  involved  in  fundamental  cellular  processes.  The  distri¬ 
bution  of  non-targeting  control  sgRNAs  is  almost  identical  to 
those  targeting  genes,  suggesting  that  the  selective  pressure 
of  in  vitro  culture  alone  does  not  radically  alter  sgRNA  represen¬ 
tation,  similar  to  previous  observations  in  human  melanoma  cells 
(Shalem  et  al,,  2014). 

In  contrast,  less  than  half  of  the  sgRNAs  survive  in  an  early- 
stage  primary  tumor.  This  loss  of  representation  occurs  with 
both  gene-targeting  sgRNAs  and  non-targeting  control  sgRNAs, 
suggesting  that  random  sampling  influences  sgRNA  dynamics 
during  the  transplantation  and  tumor  initiation  processes, 
although  we  cannot  exclude  that  some  of  the  non-targeting 
sgRNAs  might  have  detrimental  or  pro-growth  effects.  We  also 
detected  further  dropout  of  genes  involved  in  fundamental 
cellular  processes  in  early  tumor  samples  compared  to  cell  sam¬ 
ples.  Thus,  it  is  likely  that  the  sgRNA  dynamics  are  influenced  by 
a  combination  of  selection  and  random  sampling  during  trans¬ 
plantation  and  tumor  initiation. 

As  primary  tumors  grow,  the  mutant  cells  proliferate  and 
compete  as  a  pool.  This  creates  strong  selection  for  sgRNAs  tar¬ 
geting  anti-apoptotic  genes  and  other  tumor  suppressors.  The 
majority  of  the  genetic  diversity  in  early  tumors  is  lost  during  the 
subsequent  4  weeks  of  primary  tumor  growth  in  mice.  Accord¬ 
ingly,  sequencing  revealed  a  smaller  set  of  dominant  sgRNAs, 
usually  on  the  order  of  hundreds  to  a  few  thousand  per  mouse. 
In  addition,  almost  all  of  non-targeting  sgRNAs  are  lost  during  pri¬ 
mary  tumor  growth,  which  is  consistent  with  selection  for  cells  with 
special  growth  and  survival  properties.  This  observation  is  also 
consistent  with  earlier  transplantation  studies  by  Kerbel  and  col¬ 
leagues  using  small  pools  of  randomly  mutagenized  cells,  which 
found  that  the  majority  of  clonal  variants  detectable  by  Southern 
blot  disappeared  within  6  weeks  of  primary  tumor  growth,  leaving 
one  dominant  clone  (Korczaket  al.,  1988;  Waghorne  et  al.,  1988). 

Each  step  toward  metastasis  has  a  bottleneck  effect.  In  the 
lung  metastases,  we  detected  very  few  sgRNAs  at  high  abun¬ 


dance.  As  with  the  primary  tumor,  we  found  only  a  few  non-tar¬ 
geting  sgRNAs  at  low  frequencies  in  metastases.  Their  presence 
could  be  due  to  unknown  off-target  effects  of  these  sgRNAs, 
random  shedding  of  CTCs  in  the  primary  tumor,  or  clustering 
together  with  other  strongly  selected  CTCs  during  metastasis 
(Aceto  et  al.,  2014). 

Relevance  of  Screen  Hits  to  Human  Cancer 

Several  of  the  genes  enriched  in  late-stage  primary  tumors  are 
associated  with  cancer,  but  their  functions  in  tumor  growth  are 
poorly  understood.  For  example,  Mgmt ,  a  gene  with  two  en¬ 
riched  sgRNAs,  is  required  for  DNA  repair  and  is  thus  crucial 
for  genome  stability  (Tano  et  al.,  1990).  Mutation,  silencing,  or 
promoter  methylation  of  MGMT  is  associated  with  primary  glio¬ 
blastomas  (Jesien-Lewandowicz  et  al.,  2009).  Med16,  another 
gene  with  two  enriched  sgRNAs,  encodes  a  subunit  of  the 
mediator  complex  of  transcription  regulation,  which  has  been 
recently  implicated  in  cancer  (Huang  et  al.,  2012;  Schiano 
et  al.,  2014). 

We  found  that  the  genes  that  are  significantly  enriched  in  lung 
metastases  largely  overlap  with  those  found  in  abundance  in  the 
late  primary  tumor.  Several  of  these  hits  were  validated  in  vivo  us¬ 
ing  multiple  individual  sgRNAs,  including  Nf2,  Pten,  Cdkn2a, 
Trim72,  Fga,  miR-152,  and  miR-345.  Nf2,  Pten,  and  Cdkn2a  are 
well-known  tumor  suppressor  genes.  Intriguingly,  the  NF2  locus 
is  mutated  at  only  1  %  frequency  in  primary  tumors  of  human 
NSCLC  patients  (LUAD  and/or  LUSC)  (Cancer  Genome  Atlas 
Research  Network,  2012,  2014).  Nf2  mutant  mice  develop  a 
range  of  highly  metastatic  tumors  (McClatchey  et  al.,  1998).  It 
is  possible  that  NF2  mutations  influence  metastases  to  a  greater 
degree  than  primary  tumor  growth,  but  this  awaits  metastasis  ge¬ 
nomics  from  patient  samples.  Pten  mutations  are  also  associ¬ 
ated  with  advanced  stages  of  tumor  progression  in  a  mouse 
model  of  lung  cancer  (McFadden  et  al.,  2014),  and  PTEN  was 
found  to  be  mutated  at  8%  in  adenocarcinoma  patients 
(LUAD).  CDKN2A  has  been  shown  to  be  often  inactivated  in 
lung  cancer  (Kaczmarczyk  et  al.,  2012;  Yokota  et  al.,  2003). 
Fga  encodes  fibrinogen,  an  extracellular  matrix  protein  involved 
in  blood  clot  formation.  Fga  mutations  have  been  found  in  various 
cancer  types  in  TCGA  (Lawrence  et  al.  2013),  as  well  as  circu¬ 
lating  tumor  cells  (Lohr  et  al.,  2014).  Trim72  is  an  E3  ubiquitin 
ligase,  and  its  role  in  cancer  metastasis  is  largely  unknown. 
Studies  have  shown  that  miR-152  and  miR-345  are  associated 
with  cancer  and  metastasis  (Cheng  et  al.,  2014;  Tang  et  al., 
2011).  FGF2  and  BAG3,  which  promote  metastasis,  were  pre¬ 
dicted  targets  of  miR-152  and  miR-345 ;  thus,  loss  of  these 


(B)  Scatterplot  of  normalized  sgRNA  read  counts  in  primary  tumor  and  lung  metastases  for  all  sgRNAs  in  the  validation  minipool  for  each  mouse  (different  color 
dots  indicate  sgRNAs  from  different  mice).  log2  n.r.,  log2  normalized  reads. 

(C)  log2  ratio  of  sgRNA  abundance  in  the  lung  metastases  over  the  primary  tumor  (MPR)  plotted  against  the  abundance  in  the  lung  metastases  (n  =  5  mice  per 
sgRNA).  Green  dots  are  the  100  control  sgRNAs.  Dots  with  black  outlines  are  non-control  sgRNAs  that  target  genes  or  miRs.  Red  dots  indicate  non-control 
sgRNAs  for  which  more  than  one  sgRNA  targeting  the  same  gene/miR  is  enriched  in  the  lung  metastases  over  the  primary  tumor  (i.e.,  log2(MPR)  >  0)  and  are 
labeled  with  the  gene/miR  targeted.  The  lung-primary  ratio  is  calculated  for  individual  mice,  and  these  quantities  are  averaged  across  mice. 

(D)  Number  of  genes  with  0  to  1 0  significantly  enriched  validation  minipool  sgRNAs  in  lung  metastases.  For  genes/miRs  with  2  or  more  enriched  sgRNAs,  genes/ 
miRs  are  categorized  by  how  many  sgRNAs  targeting  that  gene/miRs  are  enriched,  as  indicated  in  the  colored  bubbles  adjacent  to  each  bar. 

(E)  Schematic  illustration  of  tumor  growth  and  metastasis  in  the  library-transduced  NSCLC  transplant  model.  The  initially  diverse  set  of  loss-of-function  mutations 
in  the  subcutaneously  transplanted  pool  is  selected  over  time  for  mutations  that  promote  growth  of  the  primary  tumor.  A  subset  of  these  mutants  also  dominate 
lung  metastases. 

See  also  Figure  S7. 
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microRNAs  may  lead  to  acceleration  of  metastases,  likely  due  to 
de-repression  of  these  genes  (Cheng  et  al.,  2014;  Tang  et  al., 
2011). 

In  our  own  analysis  of  TCGA  samples  from  lung  cancer  patients, 
we  observed  downregulation  of  the  human  orthologs  of  the  genes 
identified  in  the  genome-wide  and  validation  minipool  screens  at 
the  mRNA  level  in  metastatic  tumors  compared  to  non-metastatic 
tumors,  suggesting  that  these  genes  may  also  be  inactivated  dur¬ 
ing  pathological  metastasis.  Human  orthologs  of  these  genes  are 
often  found  to  be  mutated  in  cancers.  Moreover,  these  genes 
have  been  implicated  in  various  pathways  and  biological  pro¬ 
cesses  in  tumorigenesis  and/or  metastasis  in  human  cancer  (Ta¬ 
bles  S7A-S7C).  However,  most  cancer  sequencing  studies 
involve  samples  from  primary  tumors  of  patients.  In  the  clinic,  me¬ 
tastases  are  rarely  sampled.  Future  patient  sequencing  directly 
from  metastases  may  further  connect  genes  identified  in  the 
mouse  model  to  those  mutated  or  silenced  in  clinical  metastases. 

Future  In  Vivo  Functional  Genomic  Screens 

Our  study  provides  a  roadmap  for  in  vivo  Cas9  screens,  and 
future  studies  can  take  advantage  of  this  model  to  explore  other 
oncogenotypes,  delivery  methods,  or  metastasis  target  organs. 
Genome-scale  CRISPR  screening  is  feasible  using  a  transplant 
model  with  virtually  any  cell  line  or  genetic  background  (e.g.,  mu¬ 
tations  in  EGFR,  KRAS,  ALK,  etc.),  including  a  large  repertoire  of 
human  cell  lines  from  diverse  cancer  types  (Barretina  et  al., 
2012).  Other  cell  delivery  methods,  such  as  intravenous  injection 
or  orthotopic  transplantation,  may  help  identify  genes  regulating 
extravasation  and  clonalization.  Examining  samples  from  other 
stages  or  sites,  such  as  CTOs  or  metastases  to  other  organs, 
can  provide  a  more  refined  picture  of  tumor  evolution. 

In  addition  to  these  parameters,  several  aspects  of  the  screen 
perturbations  themselves  can  also  be  modified.  Targeted  drug 
therapies  or  immunotherapies  can  be  applied  in  conjunction 
with  the  in  vivo  screening  strategy  to  identify  genes  involved  in 
acquired  resistance.  Other  screening  technologies,  such  as 
Cas9-mediated  activation  (Gilbert  et  al.,  2014;  Konermann 
et  al.,  2015),  can  identify  metastasis-regulating  factors  that  act 
in  a  gain-of-function  manner.  Activation  screens  that  identify  on¬ 
cogenes,  as  well  as  dropout  screens  that  identify  genetic  depen¬ 
dencies,  may  facilitate  identification  of  novel  therapeutic  targets. 
Targeted  subpool  strategies  can  be  used  to  reduce  the  library 
size  and  facilitate  further  confirmation  of  primary  screens.  In  a 
customized  library,  genes  can  be  chosen  based  on  genomic 
analysis,  pathways,  or  clinical  relevance  for  focused  screening  li¬ 
braries.  Additionally,  application  of  pooled  sgRNA  libraries  using 
individually  barcoded  cells  will  allow  quantitative  assessment  of 
the  robustness  and  significance  of  each  candidate  hit  and  will 
enable  analysis  of  the  competitive  dynamics  among  different 
perturbations.  With  these  promising  future  directions  and  the  re¬ 
sults  of  our  study,  Cas9-based  in  vivo  screening  establishes  a 
new  platform  for  functional  genomics  discovery. 

EXPERIMENTAL  PROCEDURES 
Generation  of  Cas9-GFP  Expression  Vector 

A  lentiviral  vector,  Ienti-Cas9-NLS-FLAG-2A-EGFP  (lentiCas9-EGFP),  was 
generated  by  subcloning  Cas9  into  a  lentiviral  vector. 


Pooled  Guide-Only  Library  Cloning  and  Viral  Production 

The  Cas9-GFP  KPD  cell  line  was  transduced  at  a  MOI  of  ~0.4  with  lentivirus 
produced  from  a  genome-wide  lentiviral  mouse  CRISPR  knockout  guide- 
only  library  (Sanjana  et  al.,  2014)  containing  67,405  sgRNAs  (mGeCKOa, 
Addgene  1000000053)  with  at  least  400-fold  representation  (cells  per 
construct)  in  each  infection  replicate.  A  detailed  viral  production  and  infection 
protocol  can  be  found  in  Extended  Experimental  Procedures. 

Animal  Work  Statement 

All  animal  work  was  performed  under  the  guidelines  of  the  MIT  Division  of 
Comparative  Medicine,  with  protocols  (0411-040-14,  0414-024-17,  091 1  - 
098-11,  0911-098-14,  and  0914-091-17)  approved  by  the  MIT  Committee 
for  Animal  Care,  and  were  consistent  with  the  Guide  for  the  Care  and  Use  of 
Laboratory  Animals,  National  Research  Council,  1996  (institutional  animal  wel¬ 
fare  assurance  no.  A-31 25-01). 

Mice,  Tumor  Transplant,  and  Metastasis  Analysis  in  the  Primary 
Screen 

Untransduced  or  mGeCKOa-transduced  Cas9-GFP  KPD  cells  were  injected 
subcutaneously  into  the  right  side  flank  of  Nu/Nu  mice  at  3  x  107  cells  per 
mouse.  Transplanted  primary  tumor  sizes  were  measured  by  caliper.  At 
6  weeks  post-transplantation,  mice  were  sacrificed  and  several  organs  (liver, 
lung,  kidney,  and  spleen)  were  dissected  for  examination  of  metastases  under 
a  fluorescence  stereoscope. 

Mouse  Tissue  Collection 

Primary  tumors  and  other  organs  were  dissected  manually.  For  molecular 
biology,  tissues  were  flash  frozen  with  liquid  nitrogen  and  ground  in  24-well  poly¬ 
ethylene  vials  with  metal  beads  in  a  GenoGrinder  machine  (OPS  Diagnostics). 
Homogenized  tissues  were  used  for  DNA/RNA/protein  extractions  using  stan¬ 
dard  molecular  biology  protocols.  Tissues  for  histology  were  then  fixed  in  4% 
formaldehyde  or  1 0%  formalin  overnight,  embedded  in  paraffin,  and  sectioned 
at  6  (im  with  a  microtome  as  described  previously  (Chen  et  al.,  201 4).  Slices  were 
subjected  to  H&E  staining  as  described  previously  (Chen  et  al.,  201 4). 

Genomic  DNA  Extraction  from  Cells  and  Mouse  Tissues 

Genomic  DNA  from  cells  and  tissues  (primary  tumors  and  lungs)  was  ex¬ 
tracted  using  a  homemade  modified  salt  precipitation  method  similar  to 
the  Puregene  (QIAGEN/Gentra)  procedure.  The  sgRNA  cassette  was  ampli¬ 
fied  and  prepared  for  lllumina  sequencing  as  described  previously  (Shalem 
et  al.,  2014).  A  detailed  readout  protocol  can  be  found  in  Extended  Experi¬ 
mental  Procedures. 

Individual  Gene  and  MicroRNA  Validation 

Six  sgRNAs  per  protein-coding  gene  and  four  sgRNAs  per  microRNA  gene 
were  chosen  for  validation  using  individual  sgRNAs  (Table  S4).  For  protein¬ 
coding  genes,  we  cloned  both  the  three  sgRNAs  from  the  mGeCKOa  library 
and  three  additional  sgRNAs  to  target  each  gene.  For  microRNAs,  we  used 
all  four  sgRNAs  from  the  mGeCKOa  library. 

Validation  and  Control  Minipool  Synthesis  and  In  Vivo 
Transplantation 

Validation  and  control  minipools  (Table  S5)  were  synthesized  using 
array  oligonucleotide  synthesis  (CustomArray)  and  transduced  at 
>1 ,000-fold  representation  in  Cas9-GFP  KPD  cells.  After  7  days  in 
culture,  Cas9-GFP  KPD  cells  transduced  with  the  validation  minipool  or  con¬ 
trol  minipool  were  injected  subcutaneously  into  the  right  side  flank  of  Nu/Nu 
mice  at  3  x  107  cells  per  mouse  with  five  replicate  mice.  After  5  weeks,  mice 
were  sacrificed,  and  primary  tumors  and  lungs  were  dissected. 

ACCESSION  NUMBERS 

Genomic  sequencing  data  have  been  deposited  in  the  NCBI  Sequence  Read 
Archive  under  accession  number  PRJNA273894.  Plasmids  and  pooled 
libraries  have  been  deposited  in  Addgene  (LentiCas9-EGFP:  63592,  Metas¬ 
tasis  Validation  Minipool  library:  63594,  Mouse  Non-targeting  Control  Mini¬ 
pool:  63595). 
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Exosomes  have  emerged  as  a  promising  biomarker.  These  vesicles  abound  in  biofluids  and 
harbor  molecular  constituents  from  their  parent  cells,  thereby  offering  a  minimally-invasive 
avenue  for  molecular  analyses.  Despite  such  clinical  potential,  routine  exosomal  analysis, 
particularly  the  protein  assay,  remains  challenging,  due  to  requirements  for  large  sample 
volumes  and  extensive  processing.  We  have  been  developing  miniaturized  systems  to  facilitate 
clinical  exosome  studies.  These  systems  can  be  categorized  into  two  components: 
microfluidics  for  sample  preparation  and  analytical  tools  for  protein  analyses.  In  this  report, 
we  review  a  new  assay  platform,  nano-plasmonic  exosome,  in  which  sensing  is  based  on 
surface  plasmon  resonance  to  achieve  label-free  exosome  detection.  Looking  forward,  we 
also  discuss  some  potential  challenges  and  improvements  in  exosome  studies. 

Keywords:  cancer  •  exosome  •  extracellular  vesicles  •  molecular  diagnosis  •  surface  plasmon  resonance 


The  growing  emphasis  on  targeted  and  personal¬ 
ized  therapy  concomitantly  increases  the  need  to 
analyze  and  monitor  key  cancer  proteins  and 
pathway  activation  [1-3].  Although  tissue  biopsies 
remain  the  gold  standard,  their  invasiveness  and 
limited  sampling  often  present  practical  chal¬ 
lenges  with  patient  management  [4]. 

Exosomes  have  emerged  as  a  new  class  of 
cancer  biomarker  for  clinical  diagnostics  [5,6], 
Exosomes  are  membrane-bound  phospholipid 
vesicles  (50-200  nm  in  diameter)  that  are 
actively  secreted  by  cancer  cells  (Figure  i).  These 
vesicles  carry  cellular  constituents  of  their  origi¬ 
nating  cells,  including  transmembrane  and  intra¬ 
cellular  proteins  [7],  mRNA  [8],  DNA  [9], 
miRNA  [10],  lipids  and  metabolites  and  can  serve 
as  cellular  surrogates  [li].  Combined  with  their 
large  abundance  and  ubiquitous  presence  in 
bodily  fluids  (e.g.,  blood,  ascites,  urine)  [5,12,13], 
exosomes  offer  significant  advantages  for  cancer 
monitoring  [14— 16].  Namely,  an  exosomal  assay 
can  be  robust  and  minimally  invasive  for 
repeated  tests.  As  most  tumor  cells  shed  exo¬ 
somes,  the  assay  can  also  report  relatively  unbi¬ 
ased  readouts  of  the  whole  tumor  burden,  less 
affected  by  the  scarcity  of  the  samples  (e.g.,  cir¬ 
culating  tumor  cells  to  circulating  DNAs)  or 
intra-tumoral  heterogeneity  (e.g.,  fine-needle 
aspiration)  [17].  Furthermore,  the  amount  and 
molecular  profile  of  cancer  exosomes  have  been 
shown  to  correlate  with  tumor  burden  as  well  as 
treatment  efficacy  [17,18],  A  number  of  recent 


review  articles  have  highlighted  exosomes’  role 
in  diagnostics,  cell-to-cell  interactions  and  thera¬ 
peutic  opportunities  [5,6,19-23].  Despite  such  clini¬ 
cal  potential,  routine  exosome  analysis  is  still  a 
challenging  task.  Conventional  methods  (e.g., 
Western  blotting,  ELISA)  require  large  sample 
volumes  (>500  |dl  per  biomarker)  and  extensive 
processing  (e.g.,  3  h  with  ultracentrifugation) 
[6,24].  Such  assays  become  impractical  when  mul¬ 
tiple  markers  need  to  be  profiled  or  the  sample 
volume  is  inherently  limited  (e.g.,  cerebrospinal 
fluid) 

Various  exosome  detection  platforms  have 
been  introduced  to  overcome  these  challenges 
(Figure  2  &  Table  1)  [17,18,25-30].  Integration  with 
microfluidics  allows  for  exosome  analyses  in 
small  volumes;  adoption  into  novel  sensing 
methods  (e.g.,  surface  plasmon  resonance,  mag¬ 
netic  resonance)  generated  exosomal  assays  with 
shorter  assay  time,  higher  sensitivity  and  higher 
throughput.  Commercialized  nucleic  acid  sens¬ 
ing  technologies  (e.g.,  RainDrop)  have  been 
adapted  for  a  variety  of  exosomal  RNA  compo¬ 
nents  with  high  sensitivity.  With  their  high  sen¬ 
sitivity  and  throughput,  these  new  technologies 
have  shown  great  promise  for  both  exosomal 
RNA  and  protein  detection  over  conventional 
analytical  methods. 

We  have  been  advancing  miniaturized  systems 
to  facilitate  exosome  studies  (Figure  3).  These  sys¬ 
tems  are  comprised  of  two  components:  micro¬ 
fluidics  to  facilitate  sample  preparation  and 
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Figure  1.  Exosomes  shed  from  ovarian  cancer  cell.  (A)  Electron  microscopy  image 
of  a  primary  human  ovarian  cancer  cell  (CaOV3)  confirms  the  avid  release  of  membrane 
vesicles  by  the  cell.  (B)  High  magnification  image  shows  that  the  vesicles  on  the  cell  sur¬ 
face  assumed  typical  saucer-shaped  characteristics  of  exosomes.  (C)  The  size  distribution 
of  the  exosomes,  as  characterized  by  the  nanoparticle  tracking  analysis,  ranges  from 
20  to  250  nm. 

Reproduced  with  permission  from  [18]  ©  Nature  Publishing  Group  (2014). 


analytical  tools  for  protein  analyses.  The 
microfluidic  devices  are  designed  to  collect 
intact  exosomes  directly  from  biological 
samples,  replacing  ultracentrifugation  or 
proprietary  precipitation  methods.  The 
first  developed  device  used  a  detachable 
membrane  filter  (1  |Tm  pore)  to  size- 
selectively  enrich  exosomes  from  large  sam¬ 
ple  volumes  [31];  the  next  developed  system 
was  based  on  acoustic  actuation,  which 
enabled  controllable  size-cutoff  and  contin¬ 
uous,  inflow  filtration  [32].  For  protein 
analyses,  we  initially  adopted  the  |J.NMR 
technology  to  magnetically  profile  exoso- 
mal  proteins  [17].  In  |t.NMR,  target  proteins 
were  labeled  with  magnetic  nanoparticles, 
and  changes  in  transverse  relaxation  of 
the  samples  were  measured.  The  signal 
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Figure  2.  New  exosome  sensing  platforms.  (A)  An  integrated  microfluidic  chip  for  exosome  isolation,  chemical  lysis  and  exosomal 
protein  analysis.  Reproduced  with  permission  from  [26]  published  by  The  Royal  Society  of  Chemistry.  (B)  A  microfluidic  device  (ExoChip) 
for  on-chip  exosome  capture  and  analysis.  Reproduced  from  [27]  with  permission  of  The  Royal  Society  of  Chemistry.  (C)  A  surface  plas- 
mon  resonance  imaging  (SPRi)  system  for  label-free  exosome  detection.  Reprinted  with  permission  from  [29]  ©  American  Chemical  Society 
(2014).  (D)  Aptamer-based  platform  (SOMAscan™)  for  proteomic  analysis  of  cancer  exosomes.  Reproduced  with  permission  from  [28], 
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Table  1.  Comparison  of  exosomal  sensing  platforms. 


Method 

Sensing  principle 

Target 

Sensitivity 

Throughput 

Ref. 

nPLEX 

SPR 

Protein 

-103  exosomes 

High  (>100  arrays) 

[18] 

/zNMR 

Magnetic  resonance 

Protein 

~104  exosomes 

Low  (single  channel) 

[17] 

ExoChip 

Fluorescence 

CD63+/Rab5  +  EVs 

0.5  pM 

Low  (three  channels) 

[27] 

SOMAscan 

Fluorescence 

Protein 

100  fM 

Very  high  (1 129) 

[28] 

Microfluidic  chip 

Fluorescence 

Protein 

0.3  pg/ml 

Low  (single  channel) 

[26] 

SPRi 

SPR 

Protein 

5  x  1 07  exosomes/cm2 

[29] 

BEAMing  &  digital  PCR 

Fluorescence 

RNA 

0.01%  (mutant  detection) 

High 

[25] 

miRNA  microarray/NanoString 

Fluorescence 

miRNA 

Very  high  (>1000) 

[30] 

nPLEX:  Nano-plasmonic  exosome;  SPR:  Surface  plasmon  resonance. 


detection  is  robust  against  biological  background,  and  the  assay 
was  demonstrated  to  benefit  from  such  a  well-established  plat¬ 
form  [33-36].  The  [tNMR  assay,  however,  was  difficult  to  scale  up 
for  high-throughput  detection.  The  task  requires  a  large  NMR- 
grade  magnet  to  accommodate  multiple  NMR  probes,  and  also 
entails  labeling  with  magnetic  nanoparticles.  Recently,  we  devel¬ 
oped  a  new  assay  system,  termed  nano-plasmonic  exosome 
(nPLEX)  [18]  that  could  overcome  these  challenges.  The  nPLEX 
sensing  is  based  on  surface  plasmon  resonance  (SPR)  through 
periodic  nanohole  arrays,  wherein  target-specific  exosome  binding 
on  the  array  causes  significant  SPR  signal  changes.  The  system  is 
scalable  with  a  large  number  of  sensing  units  (>100)  integrated 
into  a  single  chip,  and  the  assay  is  label-free  (i.e.,  no  need  for  sec¬ 
ondary  labeling  with  nanoparticles)  [37,38]. 

This  special  report  will  review  this  nascent  nPLEX  technol¬ 
ogy,  assessing  its  sensor  design,  assay  protocols,  and  clinical 
applications.  We  will  specifically  focus  on  nPLEX’s  capacity  for 
fast,  high-throughput  exosome  analyses  and  also  discuss  direc¬ 
tions  to  further  improvements. 

nPLEX  Technology 
Sensing  principle 

The  nPLEX  system  comprises  of  periodic  nanohole  arrays 
made  in  an  opaque  gold  (Au)  film  (Figure  4A).  Light  illumination 
to  the  nanohole  arrays  can  excite  strong  electromagnetic  fields, 
called  surface  plasmons  on  the  surface  (Figure  4B),  which  lead  to 
SP-mediated  extraordinary  optical  transmission  [39,40].  The 
transmission  spectral  peak  positions  are  highly  sensitive  to  the 
refractive  index  on  the  nanohole  surface,  and  exosome  binding 
to  the  nanohole  surface  (via  affinity  ligands)  would  red-shift 
the  optical  transmission  peaks  (Figure  4C).  The  amount  of  spec¬ 
tral  shift  correlates  with  the  molecular  mass  density  [4i],  which 
enables  quantification  of  captured  exosomes  on  the  sensing  sur¬ 
face.  Because  exosome  binding  itself  induces  a  spectral  shift, 
the  nPLEX  can  detect  exosomes  in  a  label-free  manner. 

The  nanohole-based  plasmonic  detection  has  unique  advan¬ 
tages  over  conventional  SPR  systems  (e.g.,  Kretschmann  config¬ 
uration  [42]).  First,  a  simple,  collinear  optical  setup  can  be  used 
for  signal  measurements  [38,43],  and  the  system  can  be  readily 


miniaturized  [18,44],  Second,  the  system  is  scalable  for  high- 
throughput  detection.  The  minimal  array  size  for  the  extraordi¬ 
nary  optical  transmission  could  be  as  small  as  5-by-5  periodic 
nanoholes  (foot  print  <10  JJ.m“)  [45],  which  allows  for  the  inte¬ 
gration  of  high  density  arrays  (>106  detection  sites  per  cm2) 
[46-48],  Such  high  density  is  difficult  to  achieve  with  the 
Kretschmann  configuration.  The  large  tilt  angle  of  incidence 
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Figure  3.  Miniaturized  devices  developed  for  exosome 
separation  (top)  and  its  protein  profiling  (bottom). 

Images  are  adapted  with  permission  from  [17,18]  ©  Nature  Publish¬ 
ing  Group  (2014). 

Adapted  with  permission  from  [31]  ©  American  Chemical  Society 
(2013). 

Adapted  with  permission  from  [32]  ©  American  Chemical  Society 
(2015). 
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Figure  4.  Nano-plasmonic  exosome  sensing  principle.  (A)  A 

sensing  site  comprises  a  periodic  nanohole  array  patterned  in  a 
gold  film.  (B)  Finite-difference  time-domain  simulation  shows  the 
enhanced  electromagnetic  fields  tightly  confined  near  a  periodic 
nanohole  surface.  The  field  distribution  overlaps  with  the  size  of 
exosomes  captured  onto  the  sensing  surface.  (C)  Antibodies 
were  immobilized  on  the  nPLEX  chip,  and  exosomes  were 
captured  based  on  their  expression  of  extravesicular  markers 
(left).  Antibody  conjugation  and  exosome  binding  were  moni¬ 
tored  by  measuring  spectral  shifts  via  the  nPLEX  sensor  (right), 
a.u.:  Arbitrary  unit;  nPLEX:  Nano-plasmonic  exosome. 

Reproduced  with  permission  from  [18]  ©  Nature  Publishing  Group 
(2014). 


could  lead  to  optical  aberration  when  a  numerical  aperture  is 
used  to  increase  spatial  resolution  or  defocusing  when  imaging 
arrays  in  a  large  area. 

System  design 

The  geometry  of  the  nanoholes  was  optimized  through  three- 
dimensional  simulation  to  match  the  sensing  range  with  the 
mean  diameter  of  exosomes  (—100  nm;  Figure  5a).  The  nPLEX 
signal  was  measured  by  monitoring  the  transmission  spectrum 
via  a  spectrometer  setup.  In  this  mode,  individual  arrays  are 
sequentially  scanned,  and  a  spectral  shift  of  resonance  peak 
from  exosome  binding  is  detected.  Although  the  spectrum- 
based  measurements  provide  comprehensive  information  of  the 
nanohole’s  optical  characteristics,  it  could  be  time-consuming 
with  large  sensing  arrays.  For  faster  readout,  we  alternatively 
measured  changes  in  transmission  intensity  at  an  excitation 
wavelength  (Figure  5B).  This  intensity-based  method  could  moni¬ 
tor  multiple  sensing  arrays  simultaneously,  enabling  high- 
throughput  parallel  measurements. 

Figure  6a  shows  the  first  nPLEX  prototype.  The  structure 
was  patterned  in  a  200  nm-thick  Au  film  on  a  glass  substrate. 
We  laid  out  a  12  X  3  array  of  sensing  units  with  multi¬ 
channel  micro  fluidics  placed  on  top  (Figure  6B).  Each  channel 
spanned  over  three  sensing  units  for  triplicate  measurements. 
The  sample  volume  per  channel  was  -1  |4.1.  For  parallel  meas¬ 
urements  of  nPLEX  arrays,  an  intensity-based  detection  sys¬ 
tem  integrated  with  miniaturized  optics  consisting  of  a  laser 
diode  and  an  image  sensor  was  also  developed  (Figure  6C).  This 
system  can  simultaneously  monitor  changes  in  the  transmitted 
light  intensities  of  36  arrays  for  high-throughput  parallel 
measurements. 
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Figure  5.  Device  design  optimization.  (A)  The  sensitivity  of  the  nPLEX  sensor  was 
defined  as  AXA/v,  where  AX  and  w  are  the  shift  and  the  width  of  SPR  spectrum,  respec¬ 
tively.  The  nanohole  array  with  450-nm  hole-pitch  showed  the  highest  sensitivity  for  the 
detection  of  100  nm  exosomes.  (B)  Increase  in  the  refractive  index  on  the  nPLEX  surface 
induces  a  spectral  shift  (AX)  of  resonance  peak  to  a  longer  wavelength.  The  increase  of 
refractive  index  also  causes  intensity  changes  (Ap)  at  a  given  wavelength  (e.g.,  at 
658  nm).  Therefore,  exosome  binding  can  be  detected  by  either  tracking  AX  by 
spectrometry  or  Ap  by  imaging, 
a.u.:  Arbitrary  unit;  nPLEX:  Nano-plasmonic  exosome. 

Reproduced  with  permission  from  [18]  ©  Nature  Publishing  Group  (2014). 


Analytical  nPLEX  assay  for  molecular 
profiling 

To  impart  molecular  specificity,  the 
nanohole  surface  was  coated  with  differ¬ 
ent  antibodies  in  each  channel.  Following 
antibody  conjugation,  exosomes  were 
introduced  and  spectral  shifts  were  mea¬ 
sured  before  and  after  exosome  binding. 
An  IgG  control  channel  was  incorporated 
to  measure  the  contribution  from  non¬ 
specific  binding  and  its  signal  was  sub¬ 
tracted  from  each  target  channel. 

To  determine  the  detection  sensitivity, 
we  functionalized  the  sensor  surface  with 
antibodies  against  CD63,  a  type  III  lyso¬ 
somal  membrane  protein  enriched  in 
exosomes.  Alternatively,  other  exosome- 
specific  lysosomal  membrane  proteins 
(e.g.,  CD9,  CD81)  were  also  used  [49]. 
Samples  were  prepared  from  CaOV3 
(human  ovarian  carcinoma)  cell  lines, 
and  their  initial  exosome  concentrations 
were  estimated  by  nanoparticle-tracking 


728 


Expert  Rev.  Mol.  Diagn.  15(6),  (2015) 


Downloaded  by  [71.174.58.35]  at  03:42  06  August  2015 


nPLEX  diagnostics 


Special  Report 


Figure  6.  First  nano-plasmonic  exosome.  prototype.  (A)  A  photograph  of  the  nano¬ 
hole  device  integrated  with  microfluidics.  A  12-channel  fluidic  cell  was  placed  on  top  of 
a  glass  slide  containing  nanohole  arrays.  (B)  A  total  of  36  measurement  sites  were 
arranged  into  a  12  x  3  array.  Each  measurement  site  had  periodic  nanoholes  (right). 

The  structure  was  patterned  in  a  gold  film  (200  nm  thick)  deposited  on  a  glass  substrate. 
(C)  A  photograph  of  the  miniaturized  nPLEX  imaging  system.  The  nPLEX  chip  was 
located  directly  on  an  image  sensor,  which  measured  transmitted  light  intensities  of  the 
36  sites  simultaneously. 
nPLEX:  Nano-plasmonic  exosome. 

Reproduced  with  permission  from  [18]  ©  Nature  Publishing  Group  (2014). 


analysis.  A  pair  of  nPLEX  sensors,  func¬ 
tionalized  with  CD63  and  control  IgG 
antibodies,  respectively,  were  used  to 
measure  the  relative  spectral  (AACnf'3)  or 
intensity  (ApCD63)  changes  against  known 
exosome  counts.  The  titration  experi¬ 
ments  established  the  limit  of  detection 
of  —  3000  exosomes  (670  aM)  with  the 
label-free  nPLEX  assay  (Figure  7A).  The 
observed  sensitivity  based  on  the  limit  of 
detection  was  104-  and  102-fold  higher 
than  Western  blotting  and  chemilumines¬ 
cence  ELISA,  respectively. 

To  quantitatively  detect  exosome  pro¬ 
teins,  we  functionalized  the  nPLEX  sen¬ 
sors  with  antibodies  against  target 
markers  and  measured  associated  signals 
(AA,tarset  or  A ptargct)  from  exosome  cap¬ 
ture.  Next,  we  defined  the  expression 
level  ©tarBCt)  of  the  target  marker  by  scal¬ 
ing  the  marker-associated  changes  to 
those  of  CD63  (i.e.,  fargct  =  A5Ltargc7 
AXCD63  *  A/arget/A/>CD63).  Such  normal¬ 
ization  accounted  for  differences  in  exo¬ 
some  counts  among  samples  and  thereby  reported  the  average 
expression  level  of  a  target  marker  per  exosome  [17,18].  This 
method  was  applied  to  profile  exosomes  from  different  cell 
lines  (CaOV3,  OV90)  for  various  extravesicular 

markers  (Figure  7B).  Expression  levels  were  well-matched 
{R2  >  98%)  between  nPLEX  and  ELISA,  verifying  the  accuracy 
of  the  developed  nPLEX  assay.  In  addition,  the  nPLEX  assay 
could  be  adapted  for  downstream  genetic  analyses  by  releasing 
captured  exosomes  from  the  device  using 
surface  regeneration  protocols  [17,18], 


Clinical  potential  of  exosomes 

We  first  explored  the  correlation  between 
exosomes  and  their  parental  cells.  Multi¬ 
plexed  in  vitro  nPLEX  screening  showed 
good  agreement  of  protein  expression 
between  exosomes  and  their  parental  cells 
across  different  ovarian  cancer  cell  lines 
(Figure  8A).  Such  close  matching  of  molecu¬ 
lar  profiles  between  exosome  and  cells  was 
previously  identified  in  glioblastoma  multi¬ 
forme  cell  lines  using  |4.NMR  [17].  In  addi¬ 
tion,  our  nPLEX  screening  showed  that 
EpCAM  and  CD24  were  highly  expressed 
in  tested  ovarian  cancer  cell  lines. 

Based  on  these  results,  the  nPLEX 
system  was  applied  to  detect  ovarian  can¬ 
cer  exosomes  in  patient-derived  ascites 
(Figure  8B).  Thirty  ascites  samples  were 
obtained:  20  patients  were  diagnosed  with 
Stage  3  (n  =  10)  and  4  (n  =  10)  ovarian 


cancer  and  10  control  ascites  patients  were  diagnosed  with  liver 
cirrhosis  [18].  The  study  demonstrated  that  unprocessed  ascites 
contained  large  quantities  (>103  per  ml)  of  exosomes;  nPLEX 
was  sensitive  enough  to  detect  exosomes  directly  isolated  from 
ascites  by  simple  syringe  membrane  filtration;  and  the  levels  of 
EpCAM  and  CD24  per  exosome  were  significantly  higher  in 
ovarian  cancer  patient  samples  than  in  control  groups.  For 
30  samples  tested,  the  detection  accuracy  was  97%  using 
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Figure  7.  Exosome  quantification  and  protein  profiling  with  nano-plasmonic 
exosome.  (A)  Exosomes  isolated  from  human  ovarian  cancer  cell  line  were  introduced 
onto  a  nPLEX  sensor  functionalized  with  CD63  antibody  for  exosomal  capture.  The 
nPLEX  platform  showed  considerably  higher  sensitivity  than  ELISA.  (B)  Comparison 
between  nPLEX  and  ELISA  measurements.  Exosomes  isolated  from  human  ovarian  cancer 
cell  lines  were  used.  The  expression  level  ©  was  determined  by  normalizing  the  marker 
signal  with  that  of  CD63,  which  accounted  for  variation  in  exosomal  counts  across  sam¬ 
ples.  All  measurements  were  in  triplicate  and  the  data  is  displayed  as  mean  ±  s.d. 
nPLEX:  Nano-plasmonic  exosome. 

Reproduced  with  permission  from  [18]  ©  Nature  Publishing  Group  (2014). 
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Figure  8.  Molecular  profiling  of  ovarian  cancer  exosomes.  (A)  In-vitro  study.  Ovarian  cancer  associated  markers  (EpCAM,  CD24, 
CA-125,  CA19-9,  HER2,  MUC18,  EGFR,  Claudin3),  immune  host  cell  markers  (CD41,  CD45)  and  a  mesothelial  marker  (D2-40)  were 
profiled  on  both  parental  ovarian  cells  (right,  using  flow  cytometry)  and  their  derived  exosomes  (left,  using  nPLEX  sensor).  Exosomal 
protein  profiles  showed  an  excellent  match  with  those  of  originating  cells.  A  two-marker  combination  comprising  EpCAM  and 
CD24  could  effectively  distinguish  cancer  exosomes  from  benign  exosomes.  (B)  Ascites  exosomes  from  ovarian  cancer  and  non-cancer 
patients  were  evaluated  by  the  nPLEX  sensor.  Cancer  exosomes  were  captured  on  EpCAM  and  CD24-specific  sensor  sites,  and  the 
exosomal  expression  levels  of  these  markers  were  measured.  Ovarian  cancer  patients  (n  =  20)  were  associated  with  elevated  EpCAM  and 
CD24  expression,  while  non-cancer  patients  (n  =  10)  showed  negligible  signals.  (C)  Longitudinal  nPLEX  assays.  Ascites  samples  were 
collected  sequentially  from  ovarian  cancer  patients  undergoing  chemotherapy  (n  =  8).  Measuring  temporal  changes  in  exosomal 
expressions  of  EpCAM  and  CD24  could  distinguish  treatment  response. 

MFI:  Mean  fluorescence  intensity;  nPLEX:  Nano-plasmonic  exosome. 

Reproduced  with  permission  from  [18]  ©  Nature  Publishing  Group  (2014). 


EpCAM  and  CD24  as  diagnostic  markers.  The  nPLEX  screen¬ 
ing  was  further  used  to  evaluate  the  prognostic  values  of  exo¬ 
somes  for  treatment  monitoring  (Figure  8C).  For  ovarian  cancer 
patients  (n  =  8)  undergoing  standard  chemotherapy,  the  study 
demonstrated  that  the  levels  of  exosomal  EpCAM,  CD24  or 
both  decreased  among  responding  patients,  whereas  levels  of 
these  markers  increased  in  non-responding  patients. 

Expert  commentary 

Exosomes  present  new  opportunities  for  cancer  diagnoses  and 
treatment  monitoring.  These  vesicles  abound  in  biological  flu¬ 
ids  and  carry  cell-specific  cargos  (lipids,  proteins  and  genetic 
materials),  which  can  be  harnessed  as  a  minimally  invasive 
means  to  probe  the  molecular  status  of  tumors.  Significant 
technical  developments  are  underway  to  channel  exosome 


analysis  into  clinical  settings:  fluidic-based  tools  have  been 
devised  to  facilitate  sample  preparation,  and  analytical  plat¬ 
forms  have  been  adapted  to  detect  exosomes  in  clinical  samples. 
Such  efforts  have  started  to  unveiling  tumor-associated  exoso¬ 
mal  fingerprints,  particularly  in  RNA  profiles  (both  coding  and 
noncoding). 

Exosomal  protein  analysis,  on  the  other  hand,  still  remains 
challenging.  With  the  lack  of  universal  amplification  strategy 
(e.g.,  PCR),  protein  analysis  generally  requires  large  quantities 
of  exosomes  and  often  involves  extensive  sample  processing.  The 
nPLEX  technology  was  developed  to  address  these  issues.  The 
nPLEX’s  high  sensitivity  allows  for  quantitative  measurements 
on  small  sample  amounts;  the  detection  is  label-free  to  minimize 
assay  time  and  potential  sample  loss/degradation;  and  the  system 
is  scalable  to  a  large  array  for  high-throughput  assays. 
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Extended  insight  into  exosomal  proteins  could  help  cap¬ 
ture  dynamic  snapshots  of  tumors,  which  are  hard  to  detect 
with  genetic  assays.  Aberrant  changes  in  cancer  cells,  in 
response  to  microenvironmental  stress,  are  reflected  in  pro¬ 
tein  levels  and  its  post-translational  modification,  which  have 
significant  effects  on  disease  progression  and  therapeutic 
response.  As  such,  the  improved  exosomal  proteomic  analy¬ 
ses,  proffered  by  nPLEX,  could  pave  the  way  for  the  potential 
use  of  exosomes  as  companion  diagnostics  and  pharmacody¬ 
namic  readouts. 

We  identify  two  immediate  directions  to  further  improve  the 
nPLEX  technology.  First,  the  assay  format  needs  to  be  devel¬ 
oped  to  measure  both  extra-  and  intravesicular  proteins.  The 
initial  nPLEX  studies  were  limited  to  detecting  transmembrane 
or  lipid-bound  proteins,  since  the  assay  was  based  on  capturing 
whole  exosomes  on  the  device  surface.  Devising  a  new  assay  for 
intravesicular  proteins  is  critical  to  probe  the  activation  status 
of  proteins  as  well  as  to  measure  cytosolic  protein  targets.  Sec¬ 
ond,  the  clinical  utility  of  nPLEX  requires  further  validation 
under  the  auspices  of  larger  clinical  trials.  The  large  datasets 
thus  generated  would  aid  in  identifying  key  exosomal  finger¬ 
prints  for  cancer.  These  efforts  would  establish  nPLEX  as  a 
transformative  platform  facilitating  cancer  research  and  clinical 
practice. 

Five-year  view 

The  trajectories  undertaken  by  the  exosome  field’s  development 
of  first-generation  analytical  tools  parallel  those  of  the  more 
mature  circulating  tumor  cell  research.  Exosomes  are  abundant 
and  stable  in  circulation.  These  advantages  impart  significant 
practical  value  on  exosomes  as  noninvasive  and  unbiased  surro¬ 
gates  for  tissue-based  biomarkers.  As  seen  in  cellular  analyses, 
we  envision  that  more  advanced  technologies  for  exosome 


enrichment  and  detection  will  be  developed  to  ultimately 
enable  high-throughput  profiling  of  single  exosomes.  This  will 
potentially  lead  to  the  identification  of  exosome  subpopula¬ 
tions,  highly  specific  to  cancer,  which  could  be  prospectively 
explored  in  cancer  clinical  trials.  Additional  investigations  will 
focus  on  whether  testing  of  cancer  exosomes  could  generate 
pharmacodynamic  readouts.  Coupled  with  the  ready  access  of 
liquid  biopsies,  earlier  ‘go-no  go’  decisions  could  inform  drug 
development.  Improved  understanding  of  the  mechanisms  driv¬ 
ing  exosomal  signaling  will  accelerate  the  efforts  to  exploit  exo¬ 
somal  targeting  to  deliver  therapeutic  payloads.  This  transition 
to  theranostics  could  be  a  key  step  for  the  exosome  field  and 
usher  in  further  attention  from  pharmaceutical  stakeholders, 
among  others.  Such  diverse  opportunities  create  an  exciting 
venue  for  exosome  research  -  we  anticipate  an  expanding  pipe¬ 
line  of  committed  and  accomplished  junior  and  seasoned  inves¬ 
tigators  across  disciplines,  along  with  increased  funding 
opportunities  for  the  next  5  years  and  beyond. 
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Key  issues 


•  Exosomes  are  membrane-bound  vesicles  that  contain  molecular  constituents  of  their  cell  of  origin,  including  proteins,  nucleic  acids, 
lipids  and  metabolites. 

•  Exosomes  can  serve  as  a  minimally  invasive  biomarker  for  cancer  diagnosis  and  treatment  monitoring. 

•  Miniatured  devices  are  being  developed  to  expedite  exosome  isolation  and  its  downstream  analyses.  These  devices  could  shorten  the 
hands-on  assay  time  and  minimize  required  samples  volumes. 

•  The  surface  plasmon  resonance  -based  nano-plasmonic  exosome  (nPLEX)  technology  enables  rapid,  sensitive,  label-free  profiling  of 
exosomal  proteins. 

•  The  nPLEX  assay  is  quantitative,  reporting  the  average  expression  level  of  target  protein  markers  per  exosomes. 

•  The  detection  platform  is  scalable  for  high-throughput,  automated  detection. 

•  By  changing  the  affinity  ligands,  the  nPLEX  platform  could  be  used  to  detect  exosomes  from  virtually  any  cell  type,  and  hence  could 
serve  as  a  universal  platform  for  exosome  analyses. 

•  Intra-exosomal  biology  remains  an  area  of  active  interest  given  its  potential  to  generate  novel  pharmacodynamic  readouts  or  therapeutic 
approaches. 
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ABSTRACT:  Star-shaped  Au  nanoparticles  (Au  nanostars,  AuNS)  have 
been  developed  to  improve  the  plasmonic  sensitivity,  but  their 
application  has  largely  been  limited  to  single-particle  probes.  We  herein 
describe  a  AuNS  clustering  assay  based  on  nanoscale  self-assembly  of 
multiple  AuNS  and  which  further  increases  detection  sensitivity.  We 
show  that  each  cluster  contains  multiple  nanogaps  to  concentrate 
electric  fields,  thereby  amplifying  the  signal  via  plasmon  coupling. 

Numerical  simulation  indicated  that  AuNS  clusters  assume  up  to  460- 
fold  higher  field  density  than  Au  nanosphere  clusters  of  similar  mass. 

The  results  were  validated  in  model  assays  of  protein  biomarker 
detection.  The  AuNS  clustering  assay  showed  higher  sensitivity  than  Au 

nanosphere.  Minimizing  the  size  of  affinity  ligand  was  found  important  to  tightly  confine  electric  fields  and  improve  the 
sensitivity.  The  resulting  assay  is  simple  and  fast  and  can  be  readily  applied  to  point-of-care  molecular  detection  schemes. 


Localized  surface  plasmon  resonance  (LSPR)  is  a  promising 
biosensing  strategy  for  molecular  detection.1-4  Based  on 
surface  plasmons  that  are  tightly  confined  on  metallic 
nanoparticles,  LSPR  is  highly  sensitive  to  changes  in  dielectric 
environment  surrounding  the  particles.  This  unique  property 
has  been  exploited  to  detect  molecular  targets  upon  their 
binding  to  a  nanoparticle  surface.3-8 

The  most  widely  used  LSPR  materials  are  noble  metal  (Ag, 
Au)  nanospheres;  their  synthetic  methods  are  well  established, 
and  these  particles  show  plasmon  resonance  in  visible 
wavelengths.9  Recently,  star-shaped  nanoparticles  (nanostars) 
have  been  explored  as  an  alternative  substate  to  improve  the 
LSPR  sensitivity.  Nanostars  have  multiple  branches  with  sharp 
tips  that  generate  more  localized  electromagnetic  fields  than  do 
spherical  nanoparticles  and  thereby  produce  larger  spectral 
changes  upon  molecular  binding.10-18  Indeed,  Au  nanostars 
have  shown  >  5-fold  higher  sensitivity  than  Au  nanospheres  in 
LSPR  sensing.19'20  Most  previous  studies,  however,  used 
nanostars  as  single-particle  LSPR  probes.10,13  Namely,  the 
analytical  signal  was  generated  when  individual  nanostars  were 
labeled  with  target  molecules.  We  hypothesized  that  the 
plasmonic  signal  could  be  further  amplified  by  inducing  the 
formation  of  nanostar  clusters.  This  configuration  would  create 
multiple  nanogaps  between  nanostars,  where  electric  fields  are 
concentrated  and  plasmons  are  coupled. 

We  herein  report  on  the  development  and  the  optimization 
of  such  a  clustering  assay.  Using  Au  nanostars  (AuNS)  as  a 
substrate,  we  designed  an  assay  wherein  target  molecules 
assemble  AuNS  into  nanoscale-clusters  with  nanogap  junctions. 
Small  AuNS  (70  nm  in  size)  with  a  thiolated  ligand  were  found 
optimal  for  sensitive  and  stable  plasmonic  sensing.  Numerical 
simulation  (finite-difference  time-domain/FDTD)  showed  that 
a  cluster  of  AuNS  can  concentrate  up  to  460-fold  higher  energy 
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density  than  an  Au  nanosphere  cluster.  We  then  experimentally 
verified  the  results  using  different  molecular  interactions  (i.e., 
biotin— avidin  and  antigen— antibody).  The  AuNS  clustering 
assay  produced  much  larger  spectral  shifts  than  AuNS-ligand 
alone.  Notably,  the  signal  improvement  inversely  depended  on 
the  interparticle  distance,  which  highlighted  the  importance  of 
minimizing  the  size  of  the  capturing  ligand.  The  developed 
assay  benefits  from  fast  binding  kinetics  (<30  min)  and  a  simple 
signal  readout  (colorimetry)  and  could  be  a  potential  tool  for 
point-of-care  molecular  detection. 

To  synthesize  AuNS,  we  adopted  a  seed-mediated  growth 
method  (see  Experimental  Procedures  in  the  Supporting 
Information).  Spherical  Au  nanoparticles  (AuNP)  with  a 
mean  diameter  of  13  nm  were  prepared  as  a  seed  (Figure  la, 
left)  and  dispersed  in  an  Au  precursor  (HAuC14)  solution.  Star¬ 
shaped  Au  nanoparticles  with  multiple  branches  were  formed 
when  ascorbic  acid  and  silver  nitrate  were  injected  into  the  seed 
solution  (Figure  la,  right).  The  reaction  was  rapid  (<1  min  for 
completion)  and  produced  AuNS  with  size  variations  of  <30% 
(Figure  Si).  We  further  controlled  the  overall  size  of  AuNS  by 
changing  the  molar  concentration  ratio  between  Au3+  and 
AuNP  seeds  ([Au3+]/[AuNP]).  Higher  [Au3+]/[AuNP]  ratios 
led  to  the  synthesis  of  larger  AuNS  (Figures  lb  and  S2).  When 
the  ratio  was  >2  X  107,  Au  precursors  spontaneously  nucleated, 
resulting  in  a  mixed  phase  of  AuNP  and  AuNS  (Figure  S2). 
Larger  AuNS  exhibited  a  LSPR  peak  at  longer  wavelength 
(Figure  lc  and  d),  because  they  support  more  extended 
longitudinal  plasmon  resonance  along  their  branches.21  The 
peak  width  also  broadened  with  the  particle  size  (Figure  S3), 
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Figure  1.  Synthesis  and  characterization  of  AuNS.  (a)  Transmission  electron  microscopy  (TEM)  images  of  AuNP  and  AuNS.  Spherical  particles 
(diameter  13  nm,  left)  were  used  as  a  seed  to  grow  AuNS  (right),  (b)  The  size  of  AuNS  was  controlled  by  changing  the  ratio  between  AuNP  seed 
and  Au3+  precursor  concentrations,  (c,  d)  Absorbance  spectra  of  AuNS.  Increasing  the  particle  size  led  to  shifts  of  the  LSPR  peaks  to  longer 
wavelengths,  (e)  Bare  AuNS  showed  a  drift  in  LSPR  peak  over  time.  Passivating  the  AuNS  with  a  thiol  ligand  (ll-mercaptoundecanoic  acid/MUA) 
stabilized  the  LSPR  spectra. 
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Figure  2.  Detection  sensitivities  of  AuNP  and  AuNS.  (a)  The  refractive  index  sensitivity  (RIS)  of  AuNS  and  AuNP  of  different  sizes  was  measured. 
The  RIS  linearly  increased  with  the  overall  size  of  the  particles,  (b)  The  figure  of  merit  (FOM)  was  obtained  by  dividing  the  RIS  with  the 
corresponding  full  width  at  half-maximum  of  the  LSPR  peak.  AuNS  assumed  higher  FOM  than  AuNP.  For  a  given  particle  type  (i.e.,  AuNS  or 
AuNP),  the  FOM  values  were  found  similar,  independent  of  the  particle  size  (P  =  0.87,  AuNS;  P  =  0.18,  AuNP). 


which  was  likely  due  to  the  increasing  polydispersity  (different 
branch  length  and  number  of  branches  per  particle). 

As-synthesized  bare  AuNS  were  found  spectrally  unstable; 
the  sharp  tips  with  high  surface  energy  were  susceptible  to 
atomic  reorganization,  which  resulted  in  the  shift  of  the  LSPR 
peaks  to  shorter  wavelengths  (Figure  le).  We  reasoned 
that  thiol-based  ligands  could  stabilize  AuNP  by  forming  a 
covalent  bond  with  surface  Au  atoms.  Indeed,  when  AuNS  were 
coated  with  thiol  ligands  (e.g.,  lipoic  acid,  11-mercaptounde- 
canoic  acid/MUA,  thiolated-polyethylene  glycol/PEG),  the 
particles  maintained  their  LSPR  peak  positions  (>12  h  in 
phosphate-buffered  saline)  (Figures  le  and  S4). 

We  next  characterized  the  LSPR  properties  of  individual 
AuNS.  The  refractive  index  sensitivity  (RIS)  was  determined  by 
measuring  spectral  shifts  of  particles  suspended  in  solutions  of 
different  refractive  indices.  Water  and  dimethyl  sulfoxide  were 
mixed  at  varying  volume  ratios  to  control  the  refractive  index 
(see  Experimental  Procedures  in  the  Supporting  Information). 
The  measured  RIS  of  AuNS  increased  with  the  overall  particle 


size,  ranging  from  250  to  500  nm/RIU  (refractive  index  unit, 
Figure  2a).  With  similar  particle  volume,  AuNS  showed  higher 
RIS  than  AuNP,  validating  the  advantage  of  forming  sharp 
branches.  For  example,  the  sensitivity  of  66  nm  AuNS  (241 
nm/RIU)  was  3-fold  higher  than  that  of  40  nm  spherical  AuNP 
(70  nm/RIU).  We  also  compared  the  figure  of  merit  (FOM)  of 
particles,  that  was  defined  as  RIS  divided  by  the  full  width  at 
half-maximum  of  the  LSPR  peak  (Figure  2b).  Particles  with 
high  FOM  are  preferred  as  they  improve  the  LSPR  detection 
sensitivity.7,25  Overall,  AuNS  had  higher  FOM  (~1.8)  than 
spherical  AuNP  (~0.8).  For  a  given  shape,  however,  the  FOM 
remained  similar  (coefficient  of  variation  <12%),  because  both 
the  RIS  and  peak-width  increased  with  the  particle  size.  For 
clustering  assays,  we  thus  used  small  AuNS  (~70  nm)  for  their 
superior  colloidal  stability,  compared  to  larger  particles. 

For  molecular  sensing  with  AuNS,  we  adopted  a  clustering 
assay  format:  AuNS  coated  with  affinity  ligands  self-assemble 
into  nanoscale  clusters  in  the  presence  of  target  molecules 
(Figure  3a).  Such  clustering  could  produce  strong  plasmonic 
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Figure  3.  Electromagnetic  simulation  of  the  clustering  assay,  (a)  Schematic  of  the  AuNS  clustering  assay.  The  target  molecule  bridges  the  metal  tips 
of  AuNS  probes  to  concentrate  electrical  fields,  (b)  Simulated  electric  field  intensity  (E2)  surrounding  a  particle  pair.  The  field  magnitude  is  460 
times  higher  in  the  AuNS  dimer  (right)  than  in  the  AuNP  dimer  (left).  Scale  bar,  SO  nm.  (c)  The  field  intensity  (E2)  relative  to  that  of  the  incident 
light  (E2)  was  compared  for  different  assay  configurations.  The  clustering  assay  amplifies  the  signal  from  the  single-probe  assay,  (d)  The  spectral 
shift  (Ad)  for  each  assay  type  was  calculated  from  the  E-field  data.  The  overall  sensitivity  improved  by  >32  fold  with  the  AuNS-clustering  assay. 


coupling  among  AuNS  to  increase  the  spectral  shift.  We  first 
performed  a  three-dimensional  finite-difference  time-domain 
(FDTD)  simulation  (Figure  S5).  We  calculated  the  electric- 
field  (E-field)  of  AuNP  and  AuNS  dimers,  a  simplified  version 
of  clusters.  The  map  showed  the  field  intensity  (£2) 
concentrated  at  the  junction  of  two  metal  particles  (Figure 
3b).  The  AuNS  dimer  showed  up  to  460-fold  higher 
enhancement  than  the  AuNP  dimer  (Figure  3c),  with  E-field 
more  efficiently  concentrated  between  tips.  The  maximum 
enhancement  was  observed  when  two  tips  of  AuNS  aligned  in  a 
line.  Even  with  misaligned  tips,  however,  the  AuNP  dimer  still 
showed  higher  field  intensity  than  the  AuNP  dimer  (Figure  S5). 
The  simulation  also  confirmed  that  signal  amplification  could 
be  achieved  though  particle  clustering.  Forming  a  particle-dimer 
increased  the  field  intensity  by  1.7-fold  for  AuNS  (4-fold  for 
AuNP;  Figure  3c).  Such  increases  resulted  in  larger  spectral 
shift  (A2).  The  AA  for  the  AuNS  dimer,  as  estimated  from  the 
field  information,  was  2.3-fold  larger  than  AuNS  single  particle 
(Figure  3d). 

We  applied  the  AuNS  clustering  assay  to  detect  protein 
targets.  As  a  model  system,  we  used  avidin— biotin  interaction 
and  first  compared  the  detection  sensitivity  between  AuNS  and 
AuNP.  Biotinylated  particles  with  similar  volumes  (AuNP,  40 
nm  in  diameter;  AuNS,  70  nm  in  overall  size)  were  prepared 
and  concentration-matched  (see  Experimental  Procedures  in 
the  Supporting  Information  for  details).  Varying  concentrations 
of  avidin  were  added  to  particle  solutions,  and  resulting  spectral 
shifts  (AA)  were  measured.  In  the  presence  of  avidin,  the 
particles  clustered  and  their  spectral  peaks  red-shifted  (Figure 
4a).  Dynamic  light  scattering  measurements  confirmed  the 
avidin-specific  clustering;  the  hydrodynamic  diameter  increased 


with  avidin  concentration  (Figure  S6).  Dark-field  microscopy 
could  also  detect  AuNS  clustering.26  The  aggregated  particles 
appeared  brighter  than  individual  particles  due  to  the  increased 
scattering  cross-section  (Figure  S7).26  The  microscopy, 
however,  has  a  limited  assay  speed  and  throughput  and 
requires  fine-tuning  of  particle  concentrations  to  obtain  optimal 
particle  numbers  in  a  field-of-view.  In  all  concentrations  tested, 
AuNS  showed  larger  A  A  than  AuNP.  For  instance,  with  the 
addition  of  16  nM  of  avidin,  A  A  =  19  nm  for  AuNS,  and  A  A  = 
1.5  nm  for  AuNP.  Titration  measurements  further  confirmed 
the  superiority  of  AuNS  over  AuNP  (Figure  4b),  with  AuNS 
displaying  a  7-fold  lower  limit  of  detection  (LOD  =  3.4  nM) 
than  AuNP  (LOD  =  23.4  nM). 

We  next  examined  the  effect  of  the  interparticle  distance  on 
the  clustering  assay  sensing.  Reducing  the  interparticle  distance 
(dpl,)  is  crucial  in  improving  the  detection  sensitivity,  since  the 
field  enhancement  between  the  tips  decreases  exponentially 
with  dpp  (Figure  S8).  As  a  model  detection  target,  we  used  the 
kidney  injury  molecule-1  (KIMl),  a  urinary  protein  marker  for 
kidney  injury.27  To  control  the  particle  distance,  we  prepared 
two  types  of  probes  (see  Experimental  Procedures  in  the 
Supporting  Information):  AuNS  conjugated  with  full  polyclonal 
antibodies  (Ab-AuNS)  and  AuNS  with  half  antibody  fragments 
(Afq^-AuNS).  As  a  control,  we  prepared  AuNS  conjugated 
with  isotype-matched  IgG  antibodies.  The  KIMl  titration 
experiments  showed  dose-dependent  spectral  shifts  (Figure  4c), 
with  the  half  antibody  configuration  displaying  larger  spectral 
shifts  than  that  with  the  full-antibody  probes.  When  BSA  was 
used  as  a  control  analyte,  we  observed  negligible  signal  changes 
(Figure  S9);  this  confirmed  that  the  signal  changes  were  due  to 
antibody— antigen  specific  aggregation.  The  LOD  for  Ab1/1- 
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Figure  4.  Protein  detection  with  AuNS.  (a)  Biotinylated  AuNP  (Bt- 
AuNP)  and  AuNS  (Bt-AuNS)  with  similar  particle  volumes  were 
incubated  with  avidin,  and  the  corresponding  spectral  changes  were 
monitored.  With  the  addition  of  16  nM  of  avidin,  Bt-AuNS  displayed 
more  pronounced  spectral  shifts  (Ad  =  19  nm)  than  Bt-AuNP  (Ad  = 
1.5  nm).  (b)  Avidin-titration  experiments  confirmed  the  superior 
sensitivity  of  the  AuNS  system.  The  limit  of  detection  (LOD)  of  Bt- 
AuNS  was  7  times  lower  than  that  of  Bt-AuNP.  (c)  The  effect  of  the 
interparticle  distance  on  the  assay  sensitivity  was  studied.  Kidney 
injury  molecule-1  (KIMl)  was  used  as  the  detection  target.  To  change 
the  interparticle  distance,  AuNS  was  conjugated  with  either  full 
antibody  against  KIMl  (Ab-AuNS)  or  half  antibody  fragments  (Ab]  2- 
AuNS).  The  shorter  probe  (Ab1/2-AuNS)  produced  larger  LSPR 
spectral  shifts  in  KIMl  titration  measurements.  AuNS  conjugated  with 
isotype-matched  goat  IgG  was  used  as  control,  (d)  The  detection 
limits  of  the  three  systems  in  (b)  and  (c)  were  compared.  The 
detection  sensitivity  was  found  to  be  inversely  proportional  to  the 
interparticle  distance. 


AuNS  was  2-fold  lower  than  that  of  Ab-AuNS.  We  further 
compared  the  detection  sensitivity  as  a  function  of  the 
interparticle  distance  (Figure  4d,  Table  Si).  The  LOD  values 
were  obtained  from  the  titration  experiments  (Figure  4b  and 
4c),  and  dpp  was  estimated  from  the  lengths  of  the  passivation 
layer,  affinity  ligands,  and  target  molecules.  The  avidin— biotin 
system  ydpp  »  12  nm)  showed  the  lowest  detection  limit  (the 
highest  sensitivity),  followed  by  the  half  antibody— antigen  ( dpp 
«  19  nm)  and  the  full-antibody— antigen  (dpp  «  33  nm) 
systems.  The  improved  sensitivity  (2-fold)  with  a  shorter 
interparticle  distance  is  consistent  with  our  numerical 
simulation  data  (Figure  S8). 

In  summary,  AuNS  are  promising  nanoprobes  for  plasmonic 
biosensing.  With  multiple  branched  tips  at  their  surface,  AuNS 
can  concentrate  electromagnetic  fields  more  efficiently 
compared  to  spherical  particles  and  thereby  generate  larger 
plasmonic  spectral  shifts  upon  molecular  binding.  In  this  study, 
we  found  three  key  aspects  to  improve  sensitive  biosensing  with 
AuNS,  namely  l)  a  covalent  surface  coating  to  maintain  particle 
morphology  and  its  resonance  spectra;  2)  AuNS  clustering  to 
more  strongly  concentrate  electromagnetic  energy;  and  3) 
minimizing  the  interparticle  distance  in  AuNS  clusters.  The 
resulting  AuNS  assay  was  simple  and  fast,  as  the  reaction  occurs 
in  bulk  solution  and  the  signals  can  be  read  out  from  visual 
color  changes.  Compared  to  the  microscopic  observation  of 
individual  AuNS,  the  method  is  also  scalable  for  high 


D 


throughput  detection.  We  envision  that  this  assay  could  have 
potential  applications  in  point-of-care  molecular  detection. 
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ABSTRACT:  Extracellular  vesicles,  including  exosomes,  are  nanoscale  membrane 
particles  that  carry  molecular  information  on  parental  cells.  They  are  being  pursued  as 
biomarkers  of  cancers  that  are  difficult  to  detect  or  serially  follow.  Here  we  present  a 
compact  sensor  technology  for  rapid,  on-site  exosome  screening.  The  sensor  is  based  on 
an  integrated  magneto— electrochemical  assay:  exosomes  are  immunomagnetically 
captured  from  patient  samples  and  profiled  through  electrochemical  reaction.  By 
combining  magnetic  enrichment  and  enzymatic  amplification,  the  approach  enables  (i) 
highly  sensitive,  cell-specific  exosome  detection  and  (ii)  sensor  miniaturization  and 
scale-up  for  high-throughput  measurements.  As  a  proof-of-concept,  we  implemented  a 
portable,  eight-channel  device  and  applied  it  to  screen  extracellular  vesicles  in  plasma 

samples  from  ovarian  cancer  patients.  The  sensor  allowed  for  the  simultaneous  profiling  of  multiple  protein  markers  within 
an  hour,  outperforming  conventional  methods  in  assay  sensitivity  and  speed. 

KEYWORDS:  extracellular  vesicles ,  electrochemical  sensing,  cancer,  diagnostics,  point-of-care 


Growing  evidence  has  positioned  extracellular  vesicles 
(EVs)  as  an  effective  readout  of  cancer  manage¬ 
ment.1-0  Exosomes,  in  particular,  have  emerged  as  a 
potent  biomarker.  Exosomes  are  nanoscale  vesicles  actively 
secreted  by  cells.  These  vesicles  carry  molecular  constituents  of 
their  originating  cells,  including  transmembrane  and  cytosolic 
proteins/  mRNA,  DNA,  ’  and  microRNA,  and  can  thus  serve 
as  cellular  surrogates.1  Combined  with  their  relative 
abundance  and  ubiquitous  presence  in  bodily  fluids  (eg, 
serum,  ascites,  urine,  cerebrospinal  fluid),1"  1  exosomes  can 
offer  unique  advantages  for  longitudinal  monitoring. 
Exosome  analyses  are  minimally  invasive  and  afford  relatively 
unbiased  readouts  of  the  entire  tumor  burden,  less  affected  by 
the  scarcity  of  the  samples  or  intratumoral  heterogeneity.0 

Analyzing  extracellular  vesicles  in  routine  clinical  settings, 
however,  still  remains  a  difficult  task,  mainly  due  to  the  lack  of 
adequately  sensitive  and  fast  assay  platforms,  particularly  for 
protein  analyses.  Flow  cytometry  provides  high-throughput 
detection  yet  tends  to  miss  small  vesicles  (<200  nm)  because 
of  weak  light  scattering.  New  counting  approaches  based  on 
particle  tracking  or  dynamic  light  scattering  can  offer  more 
accurate  particle  counts,  >103-fold  higher  than  those  reported 
by  flow  cytometry,"11  but  yield  limited  molecular  information. 
Conversely,  conventional  molecular  assays  (eg.,  Western  blot, 
ELISA)  require  large  amounts  of  samples  and  become 


impractical  for  clinical  research  needs,  notably  serial  analyses, 
large  patient  cohorts,  or  limited  specimens  in  biorepositories. 

We  have  previously  developed  miniaturized  systems  to 
facilitate  EV  analyses  in  clinical  environments.  These  systems 
include  microfluidic  devices  for  sample  preparation"1’""  and 
analytical  tools  for  protein  analyses.  ’0  Ensuing  clinical  studies 
with  patient  samples  established  EVs’  clinical  utility  for  cancer 
diagnosis  and  treatment  monitoring:3’5  tumor-specific  exo¬ 
somes  could  be  identified  based  on  their  unique  trans¬ 
membrane  protein  signature,  and  exosomal  protein  changes 
could  be  correlated  with  treatment  responses.  Translating  these 
systems  into  routine  clinical  tests,  however,  is  still  limited  by  (i) 
separate  procedures  and  devices  required  for  exosome  isolation 
and  detection,  (ii)  technical  complexities  involved  in  device 
fabrication  and  operation,  and  (iii)  relatively  high  costs  of 
analytical  instruments  (eg,  NMR  detector,  spectral  micro¬ 
scope). 

We  reasoned  that  electrochemical  sensing  could  be  an 
effective  detection  modality  that  is  easily  applicable  to  clinical 
settings.  Electrochemical  sensing  could  achieve  high  sensitivity 
through  signal  amplification  with  redox-active  reporters. 

The  readout  system  measures  electrical  currents  and  can  be 
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Figure  1.  Integrated  magnetic— electrochemical  exosome  (iMEX)  platform.  (A)  Sensor  schematic.  The  sensor  can  simultaneously  measure 
signals  from  eight  electrodes.  Small  cylindrical  magnets  are  located  below  the  electrodes  to  concentrate  immunomagnetically  captured 
exosomes.  (B)  Circuit  diagram.  The  sensor  system  has  eight  potentiostats,  an  8-to-l  multiplexer,  an  analog-to-digital  converter  (ADC),  a 
digital-to-analog  converter  (DAC),  and  a  microcontroller  unit  (MCU).  Each  potentiostat  has  three  electrodes:  reference  (R),  counter  (C),  and 
working  (W).  (C)  Packaged  device.  The  device  has  a  small  form  factor  (9X6X2  cm3).  (D)  Schematic  of  iMEX  assay.  Exosomes  are  captured 
on  magnetic  beads  directly  in  plasma  and  labeled  with  HRP  enzyme  for  electrochemical  detection.  The  magnetic  beads  are  coated  with 
antibodies  against  CD63,  an  enriched  surface  marker  in  exosomes.  The  working  (W)  and  the  counter  (C)  electrodes  are  made  of  gold  (Au), 
and  the  reference  electrode  (R)  is  made  of  silver/ silver  chloride  (Ag/AgCl).  Eight  channels  are  simultaneously  monitored  for  high-throughput 
analysis.  E1RP,  horseradish  peroxidase;  TMB,  3,3,5,5-tetramethylbenzidine. 


realized  as  a  compact  and  low-power  device."  ''  Harnessing 
electrochemical  sensing  for  exosome  analyses,  however,  is 
challenged  by  both  assay  design  and  hardware  development:  (i) 
combining  exosome  isolation  and  detection  in  a  single 
platform;  (ii)  providing  fast,  high-throughput  assays  for 
multiplexed  screening;  and  (iii)  making  the  system  affordable 
and  easy  to  use. 

We  herein  report  on  a  new  integrated  approach,  iMEX 
(integrated  magnetic— electrochemical  exosome),  for  fast, 
streamlined  exosome  analyses.  The  iMEX  combines  two 
orthogonal  modalities,  magnetic  selection  and  electrochemical 
detection.  Magnetic  beads  are  used  for  exosome  capture  and 
labeling;  captured  exosomes  are  detected  via  electrochemical 
sensing.  The  iMEX  offers  distinct  advantages:  (i)  cell-specific 
exosomes  can  be  isolated  directly  from  complex  media  without 
need  for  extensive  filtration  or  centrifugation;  (ii)  the  assay  can 
achieve  high  detection  sensitivity  through  magnetic  enrichment 
and  enzymatic  amplification;  (iii)  through  the  electrical 
detection  scheme,  sensors  can  be  miniaturized  and  expanded 
for  parallel  measurements.  To  prove  the  concept,  we 
implemented  a  portable  iMEX  platform  with  eight  detection 
channels.  The  iMEX  was  able  to  detect  exosomes  at  a 
sensitivity  of  <105  vesicles.  Importantly,  it  only  used  10  /ah  of 
samples  and  generated  readouts  within  1  h.  We  further 
explored  iMEX’s  potential  clinical  utility  by  profiling  EVs 
collected  from  ovarian  cancer  patients.  With  its  capacities  for 
fast,  high-throughput,  and  on-spot  analysis,  the  iMEX  could 
accelerate  the  transition  of  EV  and  exosome  analyses  toward 
routine  clinical  testing. 


RESULTS  AND  DISCUSSION 

iMEX  Platform.  The  miniaturized  iMEX  system  had  eight 
independent  channels  (Figure  1A).  Each  channel  was  equipped 
with  a  potentiostat  capable  of  measuring  a  wide  range  of 
current  (±7.5  /(A).  The  input  signal  was  conditioned  by  a  low- 
pass  filter  (cutoff  frequency,  5  Hz)  to  suppress  high-frequency 
noise  (Figure  Si).  The  eight  potentiostats  were  connected  to  a 
digital-to-analog  converter  for  potential  control,  an  analog-to- 
digital  converter  for  signal  digitization,  a  multiplexer  for  channel 
selection,  and  a  microcontroller  unit  for  system  operation 
(Figure  IB  and  Figure  S2).  We  packaged  the  device  as  a  hand¬ 
held  unit  (Figure  1C).  A  card-edge  connector  was  used  for  the 
quick  attachment  of  the  electrode  cartridge.  A  magnet  holder, 
containing  eight  cylindrical  magnets,  was  placed  underneath  the 
electrode  cartridge.  These  magnets  were  used  to  concentrate 
magnetic  beads  to  the  sensor  surface.  The  overall  device  cost 
was  <$50.  The  system  performance  was  comparable  to  that  of 
commercial  equipment  (SP-200,  Bio-Logic;  Figure  S1BB),  but 
the  iMEX  device  was  much  smaller  and  cost-effective. 
Furthermore,  the  iMEX  effectively  provided  a  simultaneous 
readout  from  all  electrodes  through  rapid  polling  of  each 
channel  (50  ms  per  channel).  All  data  were  monitored  and 
analyzed  by  custom-designed  software  (Figure  S3). 

Figure  ID  summarizes  the  iMEX  assay  scheme.  Exosomes 
are  first  captured  onto  immunomagnetic  beads.  Targeting 
antibodies  with  an  oxidizing  enzyme  (horseradish  peroxidase, 
HRP)  are  then  used,  followed  by  mixing  the  beads  with 
chromogenic  electron  mediators  (3,3',5,5  -tetramethylbenzi- 
dine,  TMB),  which  generate  electrical  current  when  HRP  is 
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Figure  2.  Characteristics  of  the  iMEX  diagnostic  platform.  (A)  Schematic  of  the  electrochemical  measurement  in  the  iMEX  assay.  With  —100 
mV  reduction  potential,  the  current  level  reached  a  plateau  within  1  min.  The  current  difference  between  the  CD63  head  and  IgG  bead 
samples  ( A/N1)  was  used  as  a  representative  value  of  a  target  protein  marker.  Ahs,  antibodies.  M,  marker.  (B)  Signal  comparison  of  three 
tetraspanin  markers  (CD63,  CD9,  and  CD8l)  in  cancer  exosomes.  Signals  from  CD63  were  much  higher  than  those  from  other  markers  in 
exosomes  collected  from  ovarian  cancer  cell  lines  (CaOV3,  OV90,  and  OVCAR3).  (C)  Comparison  between  iMEX  and  ELISA.  Six  surface 
proteins  were  profiled  in  two  ovarian  cancer  cell  lines  (OV90  and  OVCA420).  The  results  showed  high  correlation  (R2  =  0.931);  a.u., 
arbitrary  unit.  (D)  Varying  number  of  exosomes  were  spiked  into  human  plasma  and  assayed  by  iMEX  and  ELISA.  The  detection  limits  were  3 
X  104  (iMEX)  and  3  X  107  (ELISA).  All  measurements  were  performed  in  triplicate,  and  the  data  are  displayed  as  mean  +  SD. 


encountered  (Figure  S4;  see  Materials  and  Methods  for 
details).  Using  magnetic  beads  significantly  simplifies  the 
assay  procedures:  excess  agents  ( e.g .,  antibodies,  enzymes) 
can  be  removed  via  magnetic  washing,  and  captured  exosomes 
can  be  magnetically  concentrated  on  the  electrodes  to  improve 
the  detection  sensitivity. 

Assay  Optimization.  We  optimized  the  iMEX  assay 
protocol.  We  applied  the  chronoamperometry  method  for 
signal  detection:  the  electrical  current  generated  from  TMB 
reduction  was  monitored,  while  a  reduction  potential  (—100 
mV  versus  Ag/AgCl  reference  electrode)  was  applied  to  a 
working  electrode.  The  current  level  (f)  reached  a  plateau 
within  1  min  after  the  reduction  potential  was  applied  (Figure 
2A).  We  averaged  the  current  level  (I)  from  40  to  45  s  as  a 
representative  value. 

To  capture  exosomes,  we  used  magnetic  beads  that  were 
coated  with  antibodies  against  tetraspanin,  transmembrane 
proteins  enriched  in  exosomes.5’’1'  '  We  first  compared  signal 
levels  with  differently  sized  beads  (diameters  =  2.7  and  8.8  //m). 
When  the  total  surface  area  of  beads  was  matched  to  capture  a 
similar  amount  of  exosomes,  the  measured  signal  levels  were 
nearly  identical  (Figure  S5A).  This  result  can  be  explained  by 
estimating  a  diffusivity  in  porous  media:  The  effective  diffusivity 
(De)  for  stacked  beads  can  be  expressed  as  De  =  D0  X  em,  where 
D0  is  the  diffusivity  in  free  media  and  £  is  the  porosity  of  the 
structure.45  In  the  case  of  uniformly  sized  beads,  both  e 
(<0.47)  and  m  (3/2)  are  bead-size-independent;  the  iMEX 
signals  are  thus  expected  to  remain  constant.  We  opted  to  use 
2.7  fmi  beads;  bigger  beads  tended  to  sediment,  requiring 


frequent  shaking  of  samples.  Compared  to  the  no-enrichment 
scheme,  magnetic  enrichment  led  to  ~72%  increase  in  the 
analytical  signal  (Figure  S5B). 

We  next  tested  three  representative  tetraspanin  proteins 
(CD63,  CD9,  CD81)  as  a  target;  these  markers  are  reportedly 
enriched  in  exosomes.1  ’  -  ’  We  prepared  2.7  /,/m  magnetic 
beads  specific  to  each  marker  (see  Materials  and  Methods  for 
details).  When  applied  to  exosomes  from  different  cell  lines, 
CD63-based  capture  showed  consistently  high  signal  (Figure 
2B);  we  thus  opted  to  use  CD63  as  a  marker  for  exosome 
enrichment. 

For  each  target  marker  (M),  we  prepared  a  pair  of  magnetic 
beads:  one  conjugated  with  antibodies  against  CD63  (CD63 
beads)  and  the  other  with  antibodies  against  iso-type  matched 
IgG  (IgG  beads).  Exosomes  were  mixed  with  each  bead  type 
and  subsequently  labeled  with  antibodies  against  a  target 
marker;  the  net  signal  difference  AIU  (fCD63+M  -  IigG+Mi  Figure 
2A)  was  then  obtained.  We  used  AJCD63  to  estimate  the  total 
exosome  load,  and  defined  a  normalized  metric  £M  (AIM/ 
AIcd63 )  as  the  expression  level  of  a  target  marker  (M).  Note 
that  such  scaling  would  compensate  for  variations  in  exosome 
numbers  among  samples. 

iMEX  Validation.  We  applied  the  developed  iMEX  protocol 
to  profile  exosomes  for  transmembrane  proteins.  For  this 
validation  study,  we  harvested  exosomes  from  cell  culture 
(OV90,  OVCA420)  through  a  conventional  method  (see 
Materials  and  Methods  for  details)  and  spiked  them  into 
phosphate  buffered  saline  (PBS)  solution  (~109  exosomes/ 
mL).  Samples  were  aliquoted  and  processed  by  iMEX  and 


1804 


DOI:  1 0.1 021  /acsnano.5b07584 
ACS  Nano  2016,  10,  1802-1809 


Article 


ACS  Nano 


Cells 

EpCAM 
CD24 
CA-125 
HER2 
MUC18 
EGFR 


0. 


3 

-S 

U J 


0 


Figure  3.  Profiling  of  surface  proteins  in  ovarian  cancer  cells  and  their  secreting  exosomes.  Four  ovarian  cancer  cell  lines  (CaOV3,  OV90, 
OVCAR3,  and  OVCA420)  and  one  normal  cell  line  (TIOSE6)  were  screened  for  six  putative  cancer  markers  ( via  flow  cytometry,  left  panel). 
Cell-derived  exosomes  were  immunomagnetically  captured  (CD63-specific)  and  assayed  by  iMEX  (right  panel).  The  profiling  data  showed  a 
good  match  between  cells  and  CD63-positive  exosomes.  The  iMEX  assay  was  duplicated,  and  the  mean  values  are  displayed. 


ELISA.  Comparative  analysis  showed  high  correlation  between 
two  methods  (Figure  2C;  R1  =  0.931),  confirming  iMEX’s 
analytical  capacity.  The  iMEX  assay,  however,  was  faster  (l  h) 
and  consumed  smaller  amounts  of  samples  (10  f,iL)  than  ELISA 
(5  h,  100  flL). 

We  further  tested  iMEX  for  detecting  exosomes  in  biofluids. 
Cancer  exosomes  were  collected  from  cell  culture  (OV90),  and 
varying  numbers  of  exosomes  were  spiked  into  undiluted 
human  plasma.  Titration  experiments  established  the  limit  of 
detection  of  3  X  104  exosomes,  with  the  dynamic  ranges 
spanning  4  orders  of  magnitude  (Figure  2D).  Similar 
measurements  with  ELISA  required  more  than  107  exosomes 
for  reliable  detection.  Using  matched  controls  (igG  beads)  was 
important  to  compensate  for  background  signals  from  sample- 
dependent,  nonspecific  exosome  binding. 

Profiling  of  Protein  Markers  in  Cell-Derived  Exo¬ 
somes.  We  applied  the  iMEX  to  screen  exosomal  surface 
markers  from  a  panel  of  ovarian  cancer  cell  lines.  Because  iMEX 
enriches  CD63-positive  (CD63+)  exosomes  and  labels  them 
for  target  proteins,  we  were  able  to  examine  how  closely 
CD63+  exosomes  reflect  their  cells  of  origin.  We  chose  six 
representative  surface  markers  based  on  prior  studies:  epithelial 
cell  adhesion  molecule  (EpCAM),40  CD24,41  cancer  antigen 
125  (CA125),42’4j  human  epidermal  growth  factor  2 
(HER2),44'4  mucin  18  (MUC18),46  and  epidermal  growth 
factor  receptor  2  (EGFR).4  The  cellular  expression  levels  of 
these  markers  were  measured  with  flow  cytometry;  exosomes 
were  harvested  from  the  conditioned  cell  culture  media  and 
profiled  with  iMEX.  The  molecular  profiles  of  cells  and  CD63+ 
exosomes  were  highly  correlated  (Figure  3),  which  supported 
the  use  of  exosomes  as  cellular  surrogates. 

Clinical:  Direct  Analyses  of  Plasma  from  Patients  with 
Ovarian  Cancer.  The  iMEX  assay  isolates  EVs  directly  from 
plasma  or  serum  and  allows  for  profiling  in  a  rapid,  high- 
throughput  manner — key  for  successful  integration  into  the 
clinical  workflow.  To  demonstrate  clinical  feasibility,  we 
customized  the  iMEX  assay  for  ovarian  cancer  EV  detection 
in  blood  (Figure  4A).  Clinical  plasma  samples  were  aliquoted 
without  any  purification,  and  each  aliquot  (10  f :iL  per  marker) 
was  incubated  with  magnetic  beads  for  EV  capture  (15  min), 
followed  by  magnetic  washing.  The  bead-bound  EVs  were 
consecutively  labeled  for  target  markers  (15  min)  and  HRP  (15 
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Figure  4.  iMEX  for  clinical  applications.  (A)  iMEX  assay  for  clinical 
sample  analysis.  Ten  microliters  of  plasma  per  marker  was  used, 
and  the  entire  assay  was  completed  within  1  h  without  filtration  and 
centrifugation  processes.  (B)  Plasma  samples  from  ovarian  cancer 
patients  (n  =  ll)  and  healthy  controls  (n  =  5)  were  analyzed  with 
the  iMEX  assay.  EpCAM  and  CD24  levels  were  much  higher  in 
cancer  patients.  The  EpCAM  and  CD24  expression  levels  (£,  ,,c  \\i  vs 
f(  i)2t)  were  highly  correlated  (R2  =  0.870).  (C)  Longitudinal 
monitoring  of  drug  treatment  responses.  Plasma  samples  from  four 
ovarian  cancer  patients  were  analyzed  with  the  iMEX  assay. 
EpCAM  and  CD24  levels  in  responders  were  decreased 
significantly,  but  their  levels  in  nonresponders  were  stable 
(EpCAM)  or  increased  (CD24)  after  treatment.  All  measurements 
were  duplicated;  a.u.,  arbitrary  unit. 


min)  and  loaded  onto  the  device.  With  the  eight  electrodes 
independently  operated,  we  were  able  to  simultaneously 
measure  four  different  markers  (CD63,  EpCAM,  CD24,  and 
CA125)  along  with  their  respective  IgG  controls.  The  IgG 
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controls  were  beneficial  for  specific  detection  of  target 
molecules  among  nonpurified  clinical  samples. 

We  tested  single-time-point  plasma  samples  from  11  ovarian 
cancer  patients  and  five  healthy  controls.  The  expression  levels 
of  EpCAM  and  CD24  in  EVs  were  much  higher  in  ovarian 
cancer  patients  than  in  healthy  controls,  and  both  metrics 
showed  high  correlation  (Figure  4B  and  Figure  S6).  We  next 
examined  iMEX’s  potential  for  serial  EV  testing  by  measuring 
EpCAM  and  CD24  in  plasma  collected  at  two  time  points  (2 
months  apart)  from  four  ovarian  cancer  patients  undergoing 
drug  treatment.  The  iMEX  assays  were  conducted  blinded  to 
treatment  response.  For  “nonresponding”  patients,  expression 
levels  of  EpCAM  and  CD24  increased  while  “responding” 
patients  displayed  a  significant  decrease  in  both  markers 
(Figure  4C).  For  nonresponders,  the  level  of  CD24  showed 
steeper  increases  than  that  of  EpCAM. 

CONCLUSION 

We  developed  the  iMEX  technology  to  aid  the  translation  of 
exosome  analysis  into  clinical  settings.  A  unique  feature  of 
iMEX  is  the  integration  of  vesicle  isolation  and  detection  into  a 
single  platform.  The  use  of  magnetic  actuation  simplifies  vesicle 
isolation  and  subsequent  assay  steps,  and  the  electrochemical 
sensing  facilitates  high-throughput  screening  and  sensor 
miniaturization.  The  current  study  validated  these  concepts: 
(i)  a  portable  detection  system  was  implemented  with  the 
capacity  for  parallel  measurements;  (ii)  the  iMEX  enriched 
exosomes  directly  from  blood  and  profiled  them  for  molecular 
information;  (iii)  the  entire  iMEX  assay  (i.e.,  exosome  isolation, 
labeling,  detection)  was  completed  within  1  h  while  consuming 
only  10  /.iL  of  plasma  per  marker.  We  also  demonstrated 
iMEX’s  clinical  potential  by  profiling  EVs  within  blood 
collected  from  ovarian  cancer  patients. 

The  bead-based  magnetic  enrichment  brings  several 
advantages  in  the  iMEX  measurement.  First,  the  method 
provides  a  convenient  way  of  concentrating  signal  sources  on 
the  electrodes,  which  enhances  the  detection  sensitivity. 
Second,  compared  to  the  surface-based  capture  wherein 
antibodies  are  immobilized  on  the  chip  surface,  the  bead- 
based  method  is  amenable  to  reliable  and  simpler  conjugation 
chemistry  and  benefits  from  faster  binding  kinetics  between 
antibodies  and  exosomes.  Third,  the  bead-bound  vesicles  could 
be  readily  recovered  for  downstream  molecular  analyses  in 
tandem  with  iMEX.  For  instance,  bead-bound  EVs  can  be 
eluted  1  or  lysed3  to  profile  their  nucleic  acid  contents. 

The  iMEX  system  can  complement  other  exosome  analysis 
platforms  we  have  developed  (Table  Si),  particularly  the 
nanoplasmonic  exosome  (nPLEX)  sensor.  The  nPLEX  is  well- 
suited  to  conduct  massively  parallel  exosome  screening, 
potentially  for  central  clinical  laboratories;  it  has  high  detection 
sensitivity,  down  to  ~103  exosomes,  and  is  equipped  with 
>1000  detection  sites.’  The  system  complexity  and  the 
requirement  for  nanofabrication,  however,  are  limiting  factors 
for  nPLEX’s  routine  clinical  applications.  The  iMEX  system  has 
lower  sensitivity  and  throughput  than  nPLEX  but  is  affordable 
and  miniaturized  for  on-site  exosome  detection. 

In  the  current  work,  we  focused  on  profiling  CD63-positive 
EV  population  (exosomes),  which  was  motivated  by  two 
factors:  (i)  the  signal  from  CD63  capture  was  the  highest 
(Figure  2B)  among  the  tetraspanin  markers  tested;  and  (ii)  we 
and  others  have  previously  shown  that  ovarian  cancer  exosomes 
are  enriched  with  CD63.3  '  The  iMEX  profiling  found  a  high 
correlation  in  protein  expression  between  CD63-positive 


exosomes  and  their  parent  cells  (Figure  3);  this  result  validated 
the  potential  use  of  CD63-positive  exosomes  as  cellular 
surrogates.  However,  we  note  the  need  to  extend  the  exosome 
capture  strategy,  considering  that  diverse  EV  types  (e.g.,  CD63- 
negative)  may  exist  in  patient  samples.  Examining  these 
populations  could  yield  more  precise  information  to  capture 
tumor  heterogeneity.  The  iMEX  method  can  be  readily 
adopted  for  such  purposes  by  changing  capture  antibodies. 

We  envision  multiple  directions  to  further  advance  the  iMEX 
technology.  First,  the  assay  throughput  can  be  improved  by 
increasing  the  number  of  detection  sites.  Electrochemical 
sensing  is  ideally  suited  for  such  a  scale-up:  the  sensing 
elements  (electrodes)  can  be  readily  microfabricated  into  a 
large  array  format,  and  signals  (electrical  currents)  can  be  read 
out  by  compact  electronics  with  high-speed  multiplexing. 
Second,  the  detection  sensitivity  could  be  improved  by 
exploring  new  designs  for  electrochemical  signal  detection. 
The  signal  level  is  correlated  with  the  surface  area  of  a  sensor 
and  the  amount  of  enzyme  bound  to  target  entities;  thus, 
higher  sensitivity  can  be  achieved  by  using  a  nanostructured 
sensor  surface  or  multilabel  nanoparticles."4' 1  >'3°  Third, 
detection  targets  can  be  expanded  to  include  other  exosomal 
constituents.  For  example,  exosomes  carry  various  nucleic  acids 
(e.g.,  mRNA,  microRNA);  analyzing  nucleic  acids  along  with 
exosomal  proteins  would  provide  a  more  accurate  snapshot  of 
tumor  states.6’8’  '  Electrochemical  sensing  has  been  applied  to 
detect  a  trace  amount  of  nucleic  acids  (<1  pM)  without  PCR 
amplification.  ’  '  We  expect  that  similar  approaches  could  be 
adopted  to  profile  exosomal  nucleic  acids.  The  resulting  iMEX 
could  be  a  powerful  clinical  tool  for  affordable,  scalable,  and 
comprehensive  exosome  analyses,  thereby  deepening  our 
insights  into  tumor  biology  and  accelerating  effective  cancer 
management. 

MATERIALS  AND  METHODS 

Fabrication  of  the  iMEX  System.  The  device  consists  of  a 
microcontroller  (Atmega328,  Atmel  Corporation),  a  digital-to-analog 
converter  (DAC8552,  Texas  Instruments),  an  analog-to-digital 
converter  (ADC161S626,  Texas  Instruments),  a  multiplexer 
(ADG708,  Analog  Devices),  and  eight  potentiostats.  Each  potentiostat 
consists  of  two  operational  amplifiers  (AD8606,  Analog  Devices):  one 
amplifier  maintains  the  potential  difference  between  a  working 
electrode  and  a  reference  electrode,  and  the  other  one  works  as  a 
transimpedance  amplifier  to  convert  a  current  to  a  voltage  signal.  The 
current  measuring  range  of  the  transimpedance  amplifier  was  ±7.5  /(A. 
The  eight-channel  electrodes  are  commercially  available  (DropSens, 
Spain). 

Preparation  of  Immunomagnetic  Beads.  Five  milligrams  of 
magnetic  beads  coated  with  epoxy  groups  (Dynabeads  M-270  Epoxy, 
Invitrogen)  was  suspended  in  1  mL  of  0.1  M  sodium  phosphate 
solution  at  room  temperature  for  10  min.  The  magnetic  beads  were 
separated  from  the  solution  with  a  permanent  magnet  and 
resuspended  in  100  //  L.  of  the  same  solution.  One  hundred  micrograms 
of  antibodies  against  CD63  (Ancell)  or  respective  IgG  (Ancell)  was 
added  and  mixed  thoroughly.  One  hundred  microliters  of  3  M 
ammonium  sulfate  solution  was  added,  and  the  whole  mixture  was 
incubated  overnight  at  4  °C  with  slow  tilt  rotation.  The  beads  were 
washed  twice  with  PBS  solution  and  finally  resuspended  in  2  mL  of 
PBS  with  1%  bovine  serum  albumin  (BSA). 

Biotinylation  of  Labeling  Antibodies.  Sulfo-NHS-biotin  (10 
mM,  Pierce)  solution  in  PBS  was  incubated  with  antibodies  for  2  h  at 
room  temperature.  Unreacted  sulfo-NHS-biotin  was  removed  using 
Zeba  spin  desalting  column,  7K  MWCO  (Thermo  Scientific). 
Antibodies  were  kept  at  4  °C  until  use. 

iMEX  Assay.  Ten  microliters  of  exosome-spiked  PBS  solution  (or 
plasma)  was  mixed  with  50  //L  of  the  immunomagnetic  bead  solution 
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for  15  min  at  room  temperature.  The  bead  concentration  was 
determined  according  to  the  following  criterion:  [Cb  X  Vj,  X  4 ftR^2]/ 
[Ce  X  Ve  X  ^rRg2]  >  100,  where  Cb  and  Ce  are  the  bead  and  the 
exosome  concentrations,  respectively;  Vb  and  Ve  are  the  volume  of  the 
bead  solution  and  the  exosome-spiked  solution  (or  plasma), 
respectively;  and  R^  are  the  mean  radius  of  beads  and  exosomes, 
respectively.  This  requirement  ensured  that  sufficient  bead  surface  was 
available  for  exosome  capture.  In  our  experiment  condition,  Re  ~  50 
nm,  Rh  =  1.4  fim,  and  Ce  ~  1010  /mL.  Therefore,  we  adjusted  the  bead 
concentration  to  ~108  /mL.  The  magnetic  beads  were  separated  from 
the  solution  with  a  permanent  magnet  and  resuspended  in  80  fA L  of 
PBS  (l%  BSA).  After  5  s  of  vortexing,  the  beads  were  separated  and 
resuspended  in  80  //L  of  PBS  (l%  BSA).  Ten  microliters  of  antibodies 
of  interest  (2.2  fig/mL  in  PBS)  was  mixed  with  the  beads  for  15  min  at 
room  temperature.  The  magnetic  beads  were  separated  and  washed  as 
described  before,  and  they  were  resuspended  in  50  {Ah  of  PBS  (l% 
BSA).  Five  microliters  of  streptavidin-conjugated  HRP  enzymes 
(1:100  diluted  in  PBS)  was  mixed  with  the  beads  for  15  min  at 
room  temperature.  The  magnetic  beads  were  separated  and  washed  as 
described  before,  and  they  were  resuspended  in  7  (aL  of  PBS.  The 
prepared  bead  solution  and  20  fiL  of  UltraTMB  solution  (Thermo- 
Fisher  Scientific)  were  loaded  on  top  of  the  screen-printed  electrode. 
After  3  min,  chronoamperometry  measurement  was  started  with  the 
electrochemical  sensor.  The  current  levels  in  the  range  of  40—45  s 
were  averaged. 

Enzyme-Linked  Immunosorbent  Assay.  CD63  antibody 
(Ancell)  and  IgGl  antibody  (Ancell)  were  diluted  to  5  fig/mL 
concentration  in  PBS  and  added  to  the  Maxisorp  96-well  plate  (Nunc) 
for  overnight  incubation  at  4  °C.  After  being  washed  with  PBS,  2% 
BSA  in  PBS  blocking  solution  was  added  to  the  plate  for  1  h 
incubation  at  room  temperature.  Subsequently,  108  exosomes  in  100 
//L  pf  PBS  were  added  to  each  well  for  1  h  incubation  at  room 
temperature.  After  the  blocking  solution  was  discarded,  antibodies  (l 
fi g/mL)  against  various  markers  were  added  to  each  well  and 
incubated  at  room  temperature  for  1  h.  Unbound  antibodies  were 
washed  with  PBS  three  times.  Streptavidin— HRP  molecules  were 
added  to  the  each  well  for  1  h  at  room  temperature.  After  being 
washed  out  with  PBS,  the  chemiluminescence  signal  was  measured. 

Flow  Cytometry.  We  used  5  X  10s  cells  per  antibody  for  flow 
cytometry  experiments.  Cells  were  fixed  with  4%  paraformaldehyde  for 
10  min  at  room  temperature  and  then  washed  with  PBS  (0.5%  BSA). 
Subsequently,  cells  were  blocked  with  BSA  (0.5%  in  PBS)  and  then 
incubated  with  primary  antibodies  (4  /Ag/mL ).  After  primary  antibody 
incubation,  cells  were  washed,  incubated  with  fluorophore-conjugated 
secondary  antibody  (2  /Ag/ mL;  Abeam),  and  washed.  The  fluorescence 
signals  from  the  labeled  cells  were  measured  using  BD  LSRII  flow 
cytometer  (BD  Biosciences).  Mean  fluorescent  intensities  recorded 
were  normalized  using  the  following  formula  [(signal  —  IgG  isotype 
control)/secondary].  Blocking  and  incubation  with  antibodies 
(primary  and  secondary)  were  preformed  for  30  min  each  at  room 
temperature.  Every  washing  step  comprised  three  5  min  washes  at 
300g  with  PBS  (0.5%  BSA). 

Cell  Culture.  OV90,  OVCAR3,  OCVA420,  and  TIOSE6  cells  were 
grown  in  RPMI-1640  medium  (Cellgro).  CaOV3  were  cultured  in 
Dulbecco’s  modified  essential  medium  (Cellgro).  All  media  were 
supplemented  with  10%  fetal  bovine  serum  (FBS)  and  penicillin- 
streptomycin  (Cellgro).  All  cell  lines  were  tested  and  were  free  of 
mycoplasma  contamination  (MycoAlert  mycoplasma  detection  kit, 
Lonza,  LT07-418). 

Exosome  Isolation  from  Cultured  Cells.  We  used  a  conven¬ 
tional  method  to  harvest  exosomes  from  cell  culture  media.  Cells  at 
passages  1—15  were  cultured  in  vesicle-depleted  medium  (with  5% 
depleted  FBS)  for  48  h.  Conditioned  medium  from  ~107  cells  was 
collected  and  centrifuged  at  300g  for  5  min.  Supernatant  was  filtered 
through  a  0.2  fim  membrane  filter  (Millipore)  and  concentrated  by 
100  OOOg  for  1  h.  After  the  supernatant  was  removed,  the  exosome 
pellet  was  washed  with  PBS  and  centrifuged  at  100  OOOg  for  1  h.  The 
exosome  pellet  was  resuspended  in  PBS. 

Clinical  Sample  Preparation.  The  study  was  approved  by  the 
Institutional  Review  Board  at  the  Dana-Farber/Harvard  Cancer 


Center  (PI:  Castro),  and  the  procedures  followed  were  in  accordance 
with  institutional  guidelines.  Informed  consent  was  obtained  from  all 
subjects  ( n  =  ll).  Peripheral  blood  was  withdrawn  (~15  mL)  from 
patients  with  ovarian  cancer  and  centrifuged  at  400g  for  15  min  to 
separate  plasma  from  red  blood  cells  and  buffy  coat.  Ten  microliters  of 
plasma  was  used  for  each  surface  marker  analysis. 
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ABSTRACT:  The  use  of  inorganic  nanoparticles  (NPs)  for 
biosensing  requires  that  they  exhibit  high  colloidal  stability 
under  various  physiological  conditions.  Here,  we  report  on  a 
general  approach  to  render  hydrophobic  NPs  into  hydrophilic 
ones  that  are  ready  for  bioconjugation.  The  method  uses 
peglyated  polymers  conjugated  with  multiple  dopamines, 
which  results  in  multidentate  coordination.  As  proof-of- 
concept,  we  applied  the  coating  to  stabilize  ferrite  and  lanthanide  NPs  synthesized  by  thermal  decomposition.  Both  polymer- 
coated  NPs  showed  excellent  water  solubility  and  were  stable  at  high  salt  concentrations  under  physiological  conditions.  We  used 
these  NPs  as  molecular-sensing  agents  to  detect  exosomes  and  bacterial  nucleic  acids. 


*4 


Inorganic  nanoparticles  (NPs)  often  exhibit  interesting 
properties  that  can  be  exploited  for  sensitive  and  robust 
biomedical  sensing.1-  Examples  include  superparamagnetic 
NPs  for  magnetic  sensing,4'6  quantum  dots  detectable  with 
photoluminescence, '  1  phosphorescent  nanoparticles,  ’  and 
noble-metal  NPs  for  localized  surface  plasmon  resonance.11  13 
These  unique  physical  properties  exist  at  room  temperature, 
obviating  the  need  for  expensive  detectors  and  specialized 
systems.  Furthermore,  chemical  and  other  amplification 
strategies  have  been  devised  to  amplify  analytical  signals  for 
ultrasensitive  and  miniaturized  detection  schemes.1  ’ 

One  challenging  aspect  of  rendering  NPs  truly  useful  for 
biosensing  has  been  the  need  to  stabilize  NP’s  surface  with 
biocompatible  and  nonreactive  coating  materials.  This  task  is 
particularly  difficult  not  only  for  injectable  materials  (e.g., 
superparamagnetic  NPs)  but  also  for  agents  intended  for 
diagnostic  in  vitro  use.  The  surface  coating  should  allow  NPs  to 
stay  in  solution,  react  with  hydrophilic  components,  provide 
functional  groups  to  attach  affinity  ligands,  and  passivate  the 
metal  surface.  Without  such  stabilizing  coatings,  proteins  often 
absorb  nonspecifically  to  the  surface,  leading  to  diagnostic 
interference,  high  noise  levels,  or  low  reactivity.  Surface 
modifications  can  be  particularly  challenging  for  inorganic 
NPs  synthesized  via  nonhydrolytic  thermal  decomposition  in 
hydrophobic  conditions.16,1  A  variety  of  hydrophilic  coating 
strategies  have  been  described  for  metal  oxides  but  most  of 
these  strategies  have  drawbacks  under  rigorous  biological 
conditions  or  where  long-term  stability  (months  to  years)  is 
required.  Furthermore,  under  stress  conditions  (high  temper¬ 
ature,  high  salinity,  and  non-neutral  pH),  these  effects  are 
exacerbated.  A  simple  yet  reliable  coating  strategy  for  metal 


oxides  is  thus  needed  to  convert  “pure”  core  crystals 
synthesized  under  thermal  conditions. 

Here,  we  report  on  a  generalized  coating  protocol  to  convert 
hydrophobic  NPs  into  hydrophilic  ones  that  can  be  further 
modified  for  molecular  sensing.  We  reasoned  that  using 
dopamine  as  an  anchoring  group  would  form  stable  polymer- 
coated  NPs  because  dopamine  can  bind  to  the  NP  surface  with 
high  affinity.  We  tested  the  method  using  two  representative 
particles,  namely  ferrite  NPs  and  lanthanide  NPs.  We  prepared 
dopamine-based  polyethylene  glycol  (PEG)  polymer  and 
coated  hydrophobic  NPs  with  polymer  through  ligand 
exchange.  The  polymer-coated  NPs  displayed  excellent 
colloidal  stability  at  high  temperatures  and  under  a  wide 
range  of  physiological  buffer  conditions.  Furthermore,  the 
conjugates  provided  facile  chemical  functionalities  with  which 
to  graft  various  affinity  ligands.  We  used  the  prepared  NPs  as 
sensing  agents  for  two  different  types  of  biosensors.  The  ferrite 
NPs  were  used  to  detect  exosomes  using  a  miniaturized  nuclear 
magnetic  resonance  (NMR)  system.  Lanthanide  NPs  main¬ 
tained  their  optical  properties  (i.e.,  no  quenching  in 
luminescence  emission)  and  was  used  to  detect  bacterial 
nucleic  acids  through  time-gated  imaging. 

■  RESULTS 

Generalized  Coating  Scheme.  Figure  1  shows  the 
developed  NP-coating  and  bioconjugation  strategy.  We  used 
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Figure  1.  Generalized  coating  and  bioconjugation  strategy  for  nanoparticles.  Multiple  dopamine-containing  PEG  polymers  are  used  to  increase  the 
binding  affinity  between  the  polymer  and  the  NP.  The  dopamine-based  polymers  replace  the  hydrophobic  capping  agent  on  the  NP  surface.  For  the 
subsequent  introduction  of  affinity  ligands  for  molecular  recognition,  various  bioconjugation  strategies  (e.g.,  bioorthogonal  click  reaction  and  EDC 
coupling)  can  be  chosen  depending  on  the  affinity  ligands. 
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Figure  2.  Polymer-coated  magnetic  nanoparticles  (MNPs).  (a)  Zn-doped  ferrite  (ZnFe204)  MNPs  were  produced  via  the  thermal  decomposition 
method.  As-synthesized  particles  were  hydrophobic  and  dispersed  in  organic  solvent.  The  core  size  was  16  nm.  (b)  MNPs  were  transferred  to  the 
aqueous  phase  through  the  polymer  (PEG  length  5000)  coating.  The  particles  were  well-dispersed  without  aggregation.  The  mean  hydrodynamic 
diameter  (tiH)  was  41.6  nm.  The  insert  is  photograph  of  MNP  aqueous  solution,  (c— e)  Coating  stability.  The  polymer-coated  MNPs  were 
challenged  either  by  (c)  heating,  (d)  high  salt  concentrations,  or  (e)  long-term  storage  in  PBS.  No  significant  changes  in  particle  size  were  observed, 
confirming  the  high  stability  of  the  polymer  coating. 


dopamine  (DOPA)  as  the  affinity  ligand  because  DOPA  can 
readily  attach  to  metal  surface  through  adsorption.  This 
process,  however,  is  reversible;  DOPA  can  be  dissociated 
from  NPs  under  physiological  conditions.  To  improve  coating 
stability,  we  synthesized  PEG  polymers  containing  multiple 
DOPAs. 1  8  Specifically,  we  grafted  DOPA  and  PEG  on  a 
polymer  backbone,  poly(isobutylene-alt-maleic  anhydride) 
(PIMA),  through  reaction  with  maleic  anhydride,  creating 
DOPA— PIMA— PEG.  This  method  did  not  need  additional 
cross-linkers  and  facilitated  the  creation  of  DOPA— PIMA— 
PEG  with  different  PEG  length  and  various  functional  groups 
for  specific  bioconjugation  (e.g.,  EDC  coupling  and  bio¬ 
orthogonal  click  reaction). 

As  proof  of  principle,  we  synthesized  four  kinds  of  polymers 
with  varying  PEG  lengths  (2000  and  5000)  and  functional 


groups  (amine  and  carboxylic  acid).  The  successful  polymer 
synthesis  was  confirmed  by  !H  NMR  (Figure  Si).  Different 
PEG  lengths  were  tested  to  determine  the  effect  of  chain  length 
on  long-term  colloidal  stability.  We  used  DOPA— PIMA— PEG 
to  replace  hydrophobic  capping  agents  (e.g.,  oleic  acid  and 
oleylamine)  on  the  NP  surface.  We  then  conjugated  affinity 
ligands  for  molecular  recognition.  Antibody  conjugation  was 
performed  with  a  bioorthogonal  reaction  using  tetrazine  and 
trans-cyclooctene  (TCO);1  ’  oligonucleotides  were  attached  to 
carboxylic  groups  using  an  EDC  reaction. 

Application  to  Ferrite  Nanoparticles.  We  applied  the 
developed  coating  strategy  to  stabilize  magnetic  nanoparticles 
(MNPs).  Among  the  various  NP  compositions,  we  chose  Zn- 
doped  ferrite  (ZnFe204)  for  its  high  saturation  magnetization 
and  chemical  stability.  The  particles  were  first  synthesized  via 
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nonhydrolytic  thermal  decomposition  (see  the  experimental 
procedures  in  the  Supporting  Information  for  details),  which 
produced  monodisperse  NPs  (core  diameter:  16  nm)  with  high 
crystallinity  (Figure  2a).  The  measured  magnetization  (Ms)  was 
177  emu/g  [metal]  (Figure  S2),  close  to  that  of  bulk  material 
(200  emu/g).  Following  the  polymer-coating  with  DOPA— 
PIMA— PEG500o;  the  MNPs  were  well  dispersed  in  aqueous 
media,  and  no  aggregation  was  observed  (Figure  2b,  left).  The 
hydrodynamic  diameter  (dH)  of  polymer-coated  MNPs  was 
41.6  nm,  implying  a  polymer  thickness  of  ~13  nm  (Figure  2b, 
right).  The  hydrodynamic  diameter  was  reduced  to  32.2  nm 
with  DOPA— PIMA— PEG2ooo  coating  (Figure  S3). 

We  next  tested  the  colloidal  stability  of  polymer-coated 
MNPs  by  subjecting  them  to  heat  stress  or  high  salt 
concentrations.  The  particles  maintained  colloidal  stability 
against  such  challenges.  No  significant  changes  in  particle 
distribution  were  observed  after  continuous  heating  at  90  °C 
for  2  h  (Figure  2c)  or  immersion  in  3  M  of  NaCl  (Figure  2d), 
which  confirmed  the  stable  attachment  of  polymers  to  the 
particle  surface.  We  also  assessed  long-term  stability  by  storing 
particles  in  PBS  buffer  (Figure  2e).  Longer  PEG  chains  resulted 
in  better  stability;  MNPs  coated  with  PEG2k  produced  large¬ 
sized  aggregates  within  3  weeks,  and  MNPs  with  PEG5000 
showed  no  aggregation  (Figure  S4). 

Stabilization  of  Lanthanide  Nanoparticles.  Lanthanide 
NPs  can  be  used  as  luminescent  labels  for  optical  imaging  and 
sensors.10  The  luminescence  remains  highly  stable  without 
photobleaching  or  blinking,  and  colors  can  be  tuned  by  varying 
dopant  ions.  We  synthesized  NaGdF4  NPs  co-doped  with  Ce3+, 
Tb3+  via  thermal  decomposition  (see  the  experimental 
procedures  in  the  Supporting  Information).  The  composition 
allowed  the  particles  to  have  long  luminescence  lifetime,  which 
would  benefit  time-gated  luminescent  imaging.  The  synthe¬ 
sized  NPs  were  highly  crystalline  with  a  narrow  size  distribution 
(core  size  of  13  nm;  Figure  3a).  As  in  MNPs,  the  polymer- 
coated  lanthanide  NPs  were  well-dispersed  in  aqueous  media 
without  aggregation  (Figure  3b).  Furthermore,  we  observed 
negligible  differences  in  overall  particle  size  and  distribution  at 
different  NP  concentrations  (Figure  S5). 

We  next  measured  the  luminescence  properties  of  water- 
soluble  lanthanide  NPs.  Both  particles,  either  with  PEG2000  or 
PEG500o  polymers,  exhibited  characteristic  green  emission  peaks 
of  Tb3+  ions  (mainly  546  nm  emission  assigned  due  to  the 
transition  from  5D4  to7F5)  under  254  nm  excitation  (Figure  3c). 
Emission  intensity  was  slightly  higher  with  PEG50oo  coating, 
presumably  because  longer  PEGs  can  better  protect  Tb3+  from 
vibrational  quenching  by  solvents  (Figure  S6).  The  polymer- 
coated  lanthanide  NPs  showed  high  colloidal  stability  under 
various  buffer  conditions  (HEPES,  MES,  and  NaOH)  and  in 
high  salt  concentrations  (NaCl,  3  M).  However,  the  particles 
were  found  unstable  in  PBS.  Phosphate  ions  tend  to  strongly 
coordinate  to  the  surface  of  lanthanide  NPs,  and  excess 
phosphate  ions  in  PBS  can  remove  the  polymer  by  ligand 
exchange/  Although  lanthanide  NPs  are  coated  with 
phosphate  polymer,  excess  phosphate  ions  from  PBS  could 
still  hamper  their  long-term  dispersibility.  Therefore,  the  use  of 
PBS  should  be  avoided  for  lanthanide  NPs. 

Biosensing  Applications.  We  applied  the  polymer-coated 
ZnFe204  MNPs  to  microNMR-based  magnetic  sensing.  This 
detection  modality  is  favorable  when  samples  are  in  complex 
media  (e.g.,  blood).  Because  biological  samples  have  negligible 
magnetic  background,  microNMR  sensing  can  be  highly 
sensitive  in  turbid  samples.  We  first  measured  the  transverse 
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Figure  3.  Polymer-coated  lanthanide  nanoparticles,  (a)  Lanthanide 
NPs  co-doped  with  Ce3+,  Tb3+  were  synthesized  via  thermal 
decomposition  and  rendered  water-soluble  through  the  polymer 
coating,  (b)  The  initial  core  size  of  the  lanthanide  NPs  was  13  nm; 
following  the  polymer  coating,  the  hydrodynamic  diameter  was  32.8 
nm,  as  measured  by  dynamic  light  scattering,  (c)  Emission  spectrum 
from  aqueous  suspensions  of  lanthanide  NPs.  The  particles  were 
excited  at  254  nm.  The  main  emission  peak  was  at  546  nm,  which  is 
characteristic  of  Tb3+.  The  insert  is  a  photograph  of  colloidal  solution 
under  a  254  nm  UV  lamp,  (d)  The  polymer-coated  lanthanide  NPs 
were  subject  to  various  stress  tests.  For  example,  the  particle  size  was 
unaffected  under  different  buffer  conditions.  Other  test  results  are 
available  in  the  Supporting  Information. 


relaxivity  (r2)  of  the  MNPs  (Figure  4a).  Owing  to  their  high 
magnetic  moments,  ZnFe204  MNPs,  even  with  a  small  core 
size  (13  nm),  exhibited  higher  r2  values  (313  s  1  mM  3)  than 
did  Fe304  MNPs  (core  size  of  25  nm;  279  s-1  mM-1).  For  the 
given  particle  composition,  the  r2  values  increased  with  the 
particle  size  (574  s-1  mM-1  for  17  nm  ZnFe204  MNPs).  We 
used  the  particles  to  detect  exosomes,  nanoscale  vesicles 
secreted  from  cells.  MNPs  were  conjugated  with  anti-EGFR 
antibodies  via  tetrazine— TCO  bioorthogonal  chemistry;  amine- 
functionalized  MNPs  were  labeled  with  tetrazine— NHS,  and 
antibodies  were  reacted  with  TCO— NHS.  Mixing  two  agents 
grafted  antibodies  on  MNP  surface  through  the  fast  and  highly 
selective  click  reaction  (see  the  experimental  procedures  in  the 
Supporting  Information).  Exosomes  were  collected  from 
culture  media  of  a  human  glioblastoma  multiforme  cell  line 
(SkMG3),  and  serially  diluted.  The  titration  experiments 
(Figure  4b)  established  the  detection  limit  of  ~107  exosomes. 

We  used  lanthanide  NPs  for  time-gated  imaging-based 
sensing.  In  time-gated  imaging,  particles  are  first  excited  with 
a  short  light  pulse.  Detection  starts  after  a  short  (~1  ms)  delay 
to  exclude  short-lived  fluorescence  and  to  integrate  long-lived 
luminescence  only.  This  scheme  removes  autofluorescence  and 
interference  from  excitation  light,  enhancing  overall  detection 
sensitivity  and  simplifying  the  optical  setup  (no  optical  filters 
needed).  The  luminescence  decay  lifetime  of  polymer  coated 
lanthanide  NPs  was  ~2.3  ms  (Figure  4c).  A  long  decay  time  in 
the  range  of  milliseconds  allowed  for  control  of  time  gating 
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Figure  4.  Biosensing  applications  of  prepared  NPs.  (a)  MicroNMR 
assays  with  MNPs.  Transverse  relaxation  rate  (R2)  of  watersoluble 
MNPs  with  different  sizes  and  compositions  was  measured.  Due  to 
their  superior  magnetic  moments,  ZnFe204  MNPs  showed  higher  R2 
than  Fe304  MNPs.  Among  ZnFe204  MNPs,  the  R2  values  increased 
with  the  particle  size,  (b)  The  MNPs  were  used  to  detect  exosomes. 
MNPs  were  conjugated  with  antibodies  against  EGFR  to  label 
exosomes  from  a  human  glioblastoma  multiforme  cell  line  (SkMG3). 
The  detection  threshold  was  approximately  107  exosomes.  (c)  Time¬ 
gated  detection  with  lanthanide  NPs.  After  the  excitation  light  was 
turned  off,  the  luminescence  from  Tb3+  persisted  with  the  typical 
decay  time  of  2.3  ms.  This  property  was  exploited  for  time-gated 
detection;  UCNPs  were  pulse-excited,  and  the  resulting  luminescence 
light  was  detected.  The  method  minimizes  background  signal  coming 
from  autofluorescence,  (d)  Lanthanide  NPs  were  used  to  detect 
bacterial  nucleic  acids.  Microbeads  (diameter  10  f/m)  and  NPs  were 
conjugated  with  oligonucleotides  complementary  to  target  bacteria 
DNA.  The  limit  of  detection  was  close  to  single  bacteria. 


with  electronics  (without  mechanical  chopper).  We  devised  an 
assay  protocol  for  detecting  bacterial  DNA  using  the  lanthanide 
NPs.  Carboxylated  microbeads  (diameter  10  ft m)  and 
carboxylated  lanthanide  NPs  were  conjugated  with  oligonucleo¬ 
tides  complementary  to  target  DNA  (Table  Si).  The 
microbeads  were  used  to  capture  target  DNA  and  subsequently 
labeled  with  lanthanide  NPs.  The  resulting  luminescence  signal 
from  microbeads  was  then  measured  via  time-gated  imaging. 
Figure  4d  shows  a  proof-of-concept  example.  Bacterial  RNA 
from  a  Staphyllo coccus  aureus  culture  was  extracted  and  PCR- 
amplified  to  prepare  single-stranded  DNA.  Titration  experi¬ 
ments  showed  that  sensitivity  was  close  to  reaching  single¬ 
bacteria  detection. 

In  summary,  we  developed  a  generalized  polymer-coating 
scheme  to  prepare  hydrophilic  NPs  for  biosensing.  The 
polymer  contained  multiple  dopamine  molecules  for  firm 
attachment  to  NP  surfaces  as  well  as  multiple  PEGs  to  achieve 
hydrophilicity.  When  applied  to  ferrite  and  lanthanide  NPs, 
polymer  coating  resulted  in  excellent  colloidal  stability.  Thus, 
coated  NPs  were  stable  at  high  temperatures  and  in 
physiological  buffers.  Furthermore,  the  coating  provided 
various  functional  groups  to  further  conjugate  affinity  ligands 
for  molecular  sensing. 
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